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SYNTHESIS IN BEAN AND CORN! 


R. B. WITHROW, W. H. KLEIN, L. PRICE anp V. ELSTAD 


SMITHSONIAN INstiruTION, WASHINGTON, D.C 
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The principal morphogenic responses of dicotyledonous seedlings to red 
radiant energy have been reported to be an inhibition in growth of hypo- 
cotyl when present, an accelerated straightening of the plumular hook, an 
accelerated leaf expansion, an increased rate of epicoty! development, and 
a generally increased rate of tissue maturation (7, 10, 13,15). In the mono- 
cotyledons, the most conspicuous response is a reduced growth rate of the 
first internode (11). The longer wave lengths of the visible speetrum also 
cause chlorophyll synthesis and photosynthesis. Due principally to the over- 
lapping of the aetion spectra of these three photochemical reactions, it has 
been impossible to separate photomorphogenesis from the other two reaec- 
tions. Consequently,;-when red radiant energy is used, the biochemical 
investigation of photomorphogenesis is complicated by the products of three 
photochemical reactions occurring simultaneously. It, therefore, would be 
advantageous to be able to separate photomorphogenesis from chlorophyll 
synthesis and photosynthesis. Attempts to accomplish this separation by 
the use of albino or chlorophyll-defieient plants have not been successful 
since all plants so far tested in this laboratory have contained significant 
quantities of chlorophyll. 

The curve for chlorophyll synthesis in barley seedlings as reported by 
Koski et al. (9) shows a long wave length limit of ca. 680 mp. Action 
spectra curves for photosynthesis as determined by EMrrson and Lewis (4) 
for Chlorella, and Cuen (2) for the Hill reaction in Swiss chard chloroplasts 
indicate limits of 700 to 710 mp. On the other hand, Parker et al. (10) 
found evidence of a limit of 720 to 730 my for leaf expansion in pea seed- 
lings, and data on the inhibition of the first internode of Avena by Goopwin 
and Owens (7), and Weintravs and Price (13) likewise indicate that the 
longer wave length limit for the growth reactions of the seedling oceurs 
somewhat further toward the infrared than the limits for either chlorophyll 
synthesis or photosynthesis. Using a long wave pass dyed gelatin filter 


1 Published by permission of the Secretary of the Smithsonian Institution. 
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which began to transmit at ca. 720 mp, Wirnrow (15) reported that bean 
seedlings expanded their leaves, lost the plumilar hooks, and developed 
shortened hypocotyls without any visible green coloration. Similar results 
were obtained with other seedlings and with shoots of potato tubers. How- 
ever, bean leaves which had been exposed to the far red contained apprecia- 
ble quantities of chlorophyll as shown by subsequent acetone extraction. 
These observations indicated that it might be possible to separate photo- 
morphogenesis from chlorophyll synthesis and photosynthesis by the use of 
more refined filter techniques. 

In addition to inducing various growth responses in young shoots, con- 
verting protochlorophyll to chlorophyll, and supporting photosynthesis, visi- 
ble radiant energy has been shown to cause an increased rate of synthesis 
of such diverse pigments as the carotenoids and the anthocyanins. These 
pigments usually are synthesized in the dark, but irradiation greatly in- 
creases the rate of synthesis in some tissues (1, 5, 12) and the evidence 
points to photochemically accelerated synthesis of both groups of pigments 
by other than photosynthetic products, although the question is by no means 
definitely resolved. 

The present report represents the results of experiments designed to 
achieve photochemical separation of the photomorphogenic reactions from 
chlorophyll synthesis and photosynthesis. In the course of examining ace- 
tone and aqueous extracts of the plant material, it was observed that the 
spectral regions which were most effective in inducing the growth reactions 
also altered the pigment picture as regards the chloroplast pigments and 
anthocyanin. Data on these pigment changes are presented, although no 
direct relationship to photomorphogenesis is as yet clear. 


Materials and methods 


The plant material was grown in subirrigation nutrient culture (18) in 
eight growth chambers placed in a room where the temperature and humidity 
were controlled. These chambers were constructed of marine plywood as 
shown in figure 1 and were enameled white inside and black outside. A 
small blower in the space below the culture pan of each compartment forced 
air from the room into the compartment and out through baffles near the 
top of the chamber. Warm air from the irradiation system in the top of 
the compartment was discharged into the room before reaching the plants. 
A small amount of filtered fresh air from outside the building was foreed 
into the room continuously. 

The complete irradiation system for each compartment consisted of 
internal reflector lamps mounted in a water-cooled glass-bottomed tank, a 
10-em. aqueous primary filter, and a dyed gelatin secondary filter. The 
irradiation system used is described elsewhere (16). The dyed gelatin see- 


ondary filters were prepared in this laboratory by a technique also presented 
in detail elsewhere (17). The composition of the filters used and their per 


cent. transmittances are given in table I and figure 2, respectively. These 
filters are stable and have withstood months of intense irradiation with little 
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hic. 1. Details of two growth chambers and two water-cooled lamp systems. On 
the left is an external view of a growth chamber and lamp tank; on the right are con- 
structional details of a chamber and lamp system. 


measurable change. The wave length designation for each far red filter was 
arbitrarily taken as that point, to the nearest 5 my, where the transmittance 
Was ca. 0.6%. 

All irradiances were measured with a fast spectrometer (Perkin-Elmer) 
type thermocouple operating into a contact modulation amplifier (Liston- 
Becker) and a one milliampere strip chart recorder for direct deflection 
(Esterline-Angus). The thermocouple was mounted in a thermally insu- 





ei 


o 
’e 


TRANSMITTANCE , 








+ 





600 
WAVELENGTH = mya 


Fic. 2. Transmission curves of the radiation filters. Ordinate is per cent. trans- 
mittance (balanced against air) of the complete system of primary and secondary filters 
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lated wood case with a metal shutter. A water cell 3 em. thick was placed 
between the receiver and shutter to remove energy of long wave lengths 
from warm filters and other objects at slight thermal disequilibrium with the 
thermocouple. The thermocouple was calibrated, without the water cell, 
against a standard lamp from the National Bureau of Standards, with a 
factor applied to correct for losses hy the cell. For the visible spectrum, 
this factor amounted to about 10%. 

Since the far red filters transmitted all wave lengths from the wave 
length designation of the filter to 1150 my and the nonselective thermo- 
couple measured total transmitted energy, no indication of the level of the 
effective far red energy is given by such thermocouple measurements. There- 
fore, in order to avoid uncertainty as to the relative irradiance at the short 
wave length limit of the filters for the far red series (725 mp), a photocell 
detector (Weleh Densichron) with an S-1 photosurface sensitive to the near 
infrared was used. The photocell was covered with an interference filter two 
inches by two inches (Bauseh and Lomb) with a peak transmission at 720 mp, 
limiting the detector sensitivity to a narrow region from ea. 710 to 730 mp. 
The energy values in this region then were adjusted until the desired ratios 
were obtained; in most cases, the total irradiance values were in the same 
ratios. Serious deviations occurred only when there was a difference in lamp 
color temperature sufficient to produce a difference in spectral energy distri- 
bution of the sources. 

Bean (Phaseolus vulgaris), variety Black Valentine, and a hybrid field 
corn (Zea mays) variety U.S. 13, were used in all experiments. The seed- 
lings were grown in gravel culture beds two feet square and were subirri- 
gated automatically every six hours. During germination the beds were 
subirrigated with tap water and the temperature maintained at 25° C and 
70% relative humidity. When the seedlings had just emerged from the 
gravel, the temperature was reduced to 20° C and a complete nutrient solu- 
tion (18) was used. For the remainder of the experimental period, irradia- 
tion Was continuous with no intervening dark periods. 

Seedlings of bean and corn were exposed for eight and five days, respee- 
tively, to five spectral regions: the 436 my line of the merceruy are; a red 
band between ca. 6380 and 700 my; and three far red bands from ca. 700 my, 
ca. 725 mp, and ca. 765 mp. In all the far red treatments, the long wave 
length was limited at ca. 1150 mp by a 10-cem. water filter. The 436 mp 
line was selected for the blue treatment because the action spectra of leaf 
growth in pea (10) and first internode shortening in Avena (7) both show 
a minimum effeet in the region of 450 to 500 mp. The 436 my line is close 
enough to this region to anticipate that comparable results would be secured. 
The red band from ca. 680 to 700 mp coincides with the region of maximum 


effectiveness for the photomorphogenic response and includes the red maxi- 


mum for chlorophyll synthesis. This region at 2 pw./em.* or 0.05 pw./em? 


therefore served as a reference point with which to compare the relative 
photomorphogenic effectiveness of the blue and far red regions. 
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In bean, the leaf blade alone was used for chloroplast pigment analyses, 
but in corn, the entire excised shoot was used. The portions to be extracted 
were removed from the plants in complete darkness and weighed in tight 
aluminum cans. They were immediately macerated in the dark in 50 ml. of 
acetone in a Waring Blendor for five minutes at 2° C and the slurry was 
filtered with suction. The acetone filtrate was added to 40 ml. of ethyl ether 
and Washed with water three times in a 1600-ml. separatory funnel by the 
method used by Koski ef al. (9). The ether solutions were made up to 
equal volumes per unit fresh weight of tissue and the absorbaney (6) or 
density (log 1/1) was determined in a Beckman spectrophotometer at 
selected wave lengths. For protochlorophyll and chlorophyll, absorbancies 
were measured at 625, 645, 665, and 690 my in 10-em. cells. The following 
equations were used for determining the concentrations in micrograms per 
gram of fresh weight of tissue and were adapted from those developed by 
Koski ef al. (8) as follows: 


C, = (-3.0 Agys — 4.1 Agas + 25 Agos) V/ Wb 
( he h (7.9 Ages 17 Asis 0.56 Ages) V Wh 


where C,, = protochlorophyll in pg./gm. fresh weight, C., = chlorophyll (a+b) 
in pg. gm. fresh weight, A = absorbancy or density at indicated wave length 
in millimierons, V = volume of solution in milliliters, W = fresh weight of 
tissue in grams, b = length of absorption cell in centimeters. 

The absorbaney value at 690 mp was used as a measure of the scattering 
resulting from colloidally dispersed material which sometimes appeared due 
to incomplete filtering or separation of the ether solution into two phases. 
No pigments with appreciable absorption at 690 my are present, and an 


appreciable absorbancy at this wave length indicates energy loss by scatter- 


ing. It therefore serves as an index of the error entering the determinations 
of absorbaney. 


TABLE Il 


STEM LENGTH AND DISTRIBUTION OF DRY MATTER IN BEAN SEEDLINGS 
UNDER VARIOUS IRRADIATION CONDITIONS FOR 11 DAYS. 
VALUES ARE AVERAGES FOR 100 PLANTS 


Average stem length Average dry weight 
Irradiation - 
treatment Hypo- Epi- Total ee Epi- Cotyle- Hypo- Total 
cotyl cotyl : ”  cotyl dons cotyl shoot 
me me me. me. 
Dark 25 ‘ 38 85 168 
Far red, 725 mj 
450 piw./em. : 161 
Far red, 700 mt 
450 jiw./em.? 
Red, 630-700 mt 
2 pfiw./em.? 
Blue, 436 mys 


2 pew./cem.? 
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The carotene absorbancy values were determined at 440 my in ethyl 
ether, using l-em. cells. The quantities in micrograms per gram of fresh 
weight were caleulated by using the value of 200 gm./l. em. for the specific 
absorbaney of carotene (19), which was taken as an approximation for 
crude mixtures. 

Anthoeyanin was extracted separately from the hypocotyl and cotyledon 
portions of bean with 0.1 V HCl] by the method of THimMann and EpMonp- 
son (12). The extraction period was usually 48 hours at about 25° ©, 
Bean hypocotyls were cut into sections 3 to 5 em. long for extraction, 
whereas the cotyledons were extracted without sectioning. It was found 
that macerated tissues produced solutions too opalescent for precise photo- 
metric assay. The relative anthocyanin values were determined by meas- 
uring the absorbancy at 520 my for solutions containing the same fresh 
weight of tissue per liter. The values given in tables IIL and V are there- 
fore proportional to the anthoeyanin content per unit of fresh weight. 


Results and discussion 
({ROWTH RESPONSES 


The results on stem lengths and dry weight distribution in bean obtained 
with the various irradiation treatments are presented in table IL. All irradi- 
ation treatments produced some inhibition of the length and of dry weight 
of the hypocotyl, an increase in fresh and dry weight of the leaves, and a 
decrease in weight of the cotyledons, as compared to plants grown in com- 
plete darkness. The maximum photomorphogenic response was induced by 
2 pw. em? red (6380 to 700 my) irradiance and the minimum by the blue 
(436 ing) at the same irradiance. The treatment with the 700 my irradi- 
ance at 450 pw./em.? was next to the red in effeetiveness. 

TABLE Il 


FRESH WEIGHT AND PIGMENT CONTENT OF BEAN SEEDLINGS 
UNDER VARIOUS IRRADIATION CONDITIONS FOR 11 DAYS. 


; Relative concentration 
Leaf pigment per gram fresh weight : 
Average of anthocyanin 


fresh weight 
of leaves 


Irradiation 
treatment Proto 
Carotene chlorophy!l 


(P) 


Chlorophy!! 
(C) 


P/C Hypocoty!l Cotyledons 


Hg. fle. 

Dark 12 ‘ 12,000 
Far red, 725 mjl 

450 piw./em.? 16 of 3 17,000 
Far red, 700 mu 

450 jiw./em.? 4.1 , 17,000 
Red, 630-700 mjt 

2 jiw./em.? 15,000 
Blue, 436 mj 

2 piw./em.? 14,000 
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The morphological responses to varying irradiances of far red (725 mp) 
are graphed in figure 3. Cotyledon weight decreased and length and weight 
of the epicotyl and weight of the leaves increased with irradiance, although 
nearly the maximum response occurred at 150 or 450 pw./em.* This result 
indicates saturation for this wave band at these irradiances, excepting for 
the hypocotyl, which decreased progressively in length and weight with 
irradiance to the highest value used. The fresh weights of the bean leaves 
used in the pigment assays are given in table III and figure 4. The increase 
in fresh leaf weight with irradiance follows the same general pattern as the 
dry leaf weight increase. It was observed qualitatively that those treat- 
ments which were most effective in causing leaf development, inhibition of 
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Fic. 3. Influence of irradiance of far red (725 mu) on the distribution of dry 
weights and stem lengths of Black Valentine bean after eight days of continuous irradi- 
ation. Each determination is for 100 plants. 

Fic. 4. Effect of irradiance of far red (725 mu) on the molar concentrations of 
bean leaf pigments per gram of fresh weight, hypocoty! anthocyanin, and average leaf 
fresh weight of bean after eight days of irradiation. Carotene values are 10 times the 
ordinate scale indicated 

Fic. 5. Transmission curves of ethyl ether extracts of bean leaves. The proto- 
chlorophyll maximum appears at 625 mu and the chlorophyll maximum at 665 mu. The 
short wave length limit of the filter used for irradiation is indicated on each curve 

Fic. 6. Effeet of irradiance of far red (725 mu) on the molar concentration of corn 
leaf pigments per gram of fresh weight and average fresh weight of leaves. 


Carotene 
values are 10 times the ordinate scale indicated. 
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hypocotyl growth, and epicotyl elongation in bean were also the treatments 
most effective in causing the straightening of the plumular hook. In general, 
the hook disappeared most rapidly in the red and least rapidly in the blue. 
At harvest, there was always some evidence of a hook present in the plants 
in blue irradiance. 

Corn (table IV, fig. 6) exhibited an increase in leaf fresh weight, in 
response to irradiance of 725 my, similar to that shown by bean. The red 
and blue treatments produced the smallest leaves of any of the irradiation 
treatments in corn as contrasted with bean, although in both treatments the 
leaves were about 25% heavier than those of the dark controls. In two pre- 
liminary experiments with corn, for which the data are not reported, similar 
results were obtained. 

None of the responses reported here can be explained in terms of the 
thermal effeets of the radiant energy. Noon sunlight at 1.4 eal./min./em? 
is equivalent to ca. 100,000 pw./em.? and the highest far red irradiance used 
in these experiments, 1500 pw./cm.*, was only 1.5% of this value. A small 
additional infrared irradiance was produced by the heating of the secondary 
filters at the highest irradiance, but this did not more than double the irradi- 
ance as measured by the water cell and thermocouple detector. Thermome- 
ters placed in the plots indicated that there was never more than a 1° C 
difference in air temperature between compartments. 

These results indicate that the central feature of photomorphogenesis in 
bean is the photochemical initiation of active growth in the epicotyl, directed 
principally toward the rapid maturation of the leaves. The accelerated 
terminal growth places greater demands on the cotyledonary food reserves, 
Which results in accelerated translocation to the epicotyl and leaves. In 
corn the far red accelerates leaf growth, but not to as great a degree as in 
bean. 

TABLE IV 


FRESH WEIGHT AND PIGMENT CONTENT OF CORN LEAVES UNDER 
VARIOUS IRRADIATION CONDITIONS FOR FIGHT DAYS. 


Pigment per gram fresh weight 
Irradiation Average ahi 


: Proto- 
treatment fresh weight 


Carotene — chlorophyll 


(P) 


Chlorophyll 
(C) 


mg. m pg. [tg. 
Dark 430 i 4.8 0.00 
Far red, 725 mp 
450 pew. /em.? 2 a 0.26 
Far red, 700 mp 
450 pw./em.? 


Red, 630-700 mu 


2 pw./cm.? 


Blue, 436 mp 
2 pw./cm.? 
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CHLOROPHYLL SYNTHESIS 


Some chlorophyll was formed in all the treatments with wave length of 
725 mp (figs. 4 and 6). In both bean and corn, the blue wave lengths at 
2 pw./em.? produced approximately 1000 times as much chlorophyll as the 
725 mp Wave lengths at 150 pw./em.* and yet plants from the two plots were 
comparable in photomorphogenic response. Since some photomorphogenesis 
occurred at a blue irradiance of 2 pw./cem.*, both the blue and red values 
were reduced from 2.0 to 0.05 pw./em2 The results for bean are given in 
table V. The leaves from the higher irradiance of blue (table III) were 
30% heavier than those from the dark, but those from the lower irradiance 
were only 7% heavier. At the lower irradiance, the plumular hook was 
present at harvest and the hypocotyl length was only slightly inhibited. In 
contrast, plants exposed to the far red at 150 pw./em.* had leaves 23% 

TABLE \ 


FRESH WEIGHT AND PIGMENT CONTENT OF BEAN SEEDLINGS UNDER 
VARIOUS IRRADIATION CONDITIONS FOR 11 DAYS. 
Relative 


Leaf pigment per - 
concentrations 


gram fresh weight 


Average a of anthocyanin 


fresh weight 
8 hypocotyl 


of leaves Proto- 
Caro- 


Irradiation 
treatment 


> bad = Cc (le- 
: chloro ( 8 poe ro 
ene ony soty ons 
. phyll — : 


fe. He. fe. 
Dark : ’ 100 10.0 0.0 4,000 


Far red, 765 mj. 

300 jrw./cm.? : 160 ! 0.0 6,100 
Far red, 725 m{t 

150 ptw./em.? 165 4. 0.25 6,500 


Red, 630-700 mu 
-05 ppw./em.? ed 133 7,000 


Blue, 436 mjt 
05 ptw./em.? 89 45 60 5,900 


heavier than those in the dark, showing a strong photomorphogenic response, 
but had only ea. 1/200 of the chlorophyll present in the leaves exposed to 
the low energy blue wave lengths. The treatment with wave length of 765 
ing (table V) produced a definite increase in leaf weight and a complete loss 
of plumular hook without the synthesis of any detectable chlorophyll. 
While in these experiments strong photomorphogenic responses were not 
induced without any detectable synthesis of chlorophyll, the complete lack 
of any correlation between chlorophyll synthesis and photomorphogenesis in 


the various spectral regions, and the very low levels of chlorophyll formed 


in the far red treatments, suggest that protochlorophyll and chlorophyll 
probably do not participate in these photochemical growth reactions. How- 
ever, until the photoreceptor of the photomorphogenice responses is isolated 
and characterized, it will be impossible to conelude that minute traces of 
chlorophyll may not promote certain of these growth responses. 
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On the basis of experimental considerations, the use of far red radiant 
energy offers many unique advantages over other regions of the visible spee- 
trum for the exeitation of the various growth responses associated with 
photomorphogenesis. At irradiances of from 150 to 450 pw./cem.*, the amount 
of chlorophyll formed is for most purposes quantitatively negligible. Photo- 
synthesis is also excluded as a complicating growth factor, either as regards 
its intermediates or products, 


PROTOCHLOROPHYLL AND CAROTENE 


Tables IIL and IV show that the two lowest irradiances of 725 my caused 
an inereased synthesis of protochlorophyll and carotene per unit fresh weight 
of leaf tissue over that formed in the dark. Even at 765 my, new synthesis 
of these pigments oecurred, although the growth responses were relatively 
small. In two preliminary experiments with bean and two with corn, low 
irradianeces of 725 mp produced similar results. Sinee the leaves of irradi- 
ated plants were always heavier than those of the plants grown in the dark 
there was a still greater pigment increase per plant. Both protochlorophyll 
and carotene increased with irradiance at 725 mp to a maximum value and 
then fell with further inerease in irradiance (figs. 4 and 6). At the highest 
irradiance, the protochlorophyll fell below the value for both bean and eorn 
in the dark, but the chlorophyll concentration increased with increasing 
irradiance. Chlorophyll synthesis, however, could account for only a small 
proportion of the loss in protochlorophyll and carotene. For each addi- 
tional molecule of chlorophyll formed in bean by 1500 pw./em.? above that 
formed by the 450 pw./em.* treatment, there was an approximate loss of 4 
molecules of protochlorophyll and 40 of carotene. In corn, the relative 
protochlorophyll decrease was 3, while the carotene decrease was 50 for each 
new chlorophyll molecule formed. 

Figure 5 shows how the absorption spectra of the leaf pigment extracts 
from 600 to 700 mp changed when the plants were irradiated with wave 
lengths of 700 mp and 725 my respectively at 450 pw./cm.2 The spectrum 
for the extract of the plants grown in the dark contains only the absorption 
maximum for protochlorophyll at 625 my. Irradiation with 725 my caused 
both an increase in protochlorophyll and the appearance of a small chloro- 
phyll maximum at 665 mp, but at 700 my, sufficient chlorophyll synthesis 
occurred to depress the protochlorophyll level. Since the two low irradi- 
ances at 725 mp caused the synthesis of only traces of chlorophyll, it is evi- 
dent that the observed increases in protochlorophyll and carotene could not 
have been caused by products arising from photosynthesis. It appears more 
than likely that the increased synthesis of these pigments was the indirect 
result of photomorphogenesis. 


The rise and subsequent fall in protochlorophyll and carotene with 


increasing irradiance followed a course very similar to that observed by 
FRANK (5) for carotene in Avena coleoptiles. Frank speculated that the fall 


in carotene concentration was due to the diversion of carotene precursors 
into those early steps of chlorophyll synthesis where the phytol group is 
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added onto a porphyrin nucleus. This interpretation is difficult to reconcile 
with the results reported here in which the drop in molar concentration of 
‘arotene is of the order of 50 times the molar increase in chlorophyll. Even 
on a per plant basis where the leaves were increasing in size, the concentra- 
tion of both carotene and protochlorophyll increased and then decreased. 
This indicates that the rise and fall in concentration of these two pigments 
with irradiance was the result of interacting factors controlling synthesis 
and decomposition which were not directly related to the biosynthesis of 
chlorophyll precursors. 


ANTHOCYANIN SYNTHESIS 


Dark-grown seedlings of Black Valentine bean contain very high concen- 
trations of anthocyanin in the cotyledons. Traces of purple color are visible 
at the cotyledonary node and in the leaf veins, but all other portions of the 
plant appear either white or yellow. After an exposure of eight days to the 
longer wave lengths of the visible speetrum, additional anthocyanin oceurs 
in the hypocotyl and epicotyl, the most intense coloration appearing in the 
region of the cotyledonary node. It was observed that the corn seedlings 
were devoid of any visible purple coloration when grown in the dark, but the 
leaf bases became pink when exposed to red or far red energy. 

The cotyledons of plants grown in the dark (tables IIT and V) contained 
a high concentration of anthocyanin per unit fresh weight, but the coneen- 
tration of anthocyanin increased nearly 50% following treatment with the 
higher irradiances of far red. The hypocotyl concentration increased about 
20-fold with the 1500 pw./cem.*-725 mp treatment. Even at 765 mp, where 
the photomorphogenic response was small as measured by increase in leaf 
weight and inhibition of the hypocotyl, the anthocyanin increased about 
50% in the cotyledons and almost 10-fold in the hypocotyl. The curve of 
relative anthoeyanin in bean hypocotyl at various irradianees at 725 my 
shows that, unlike carotene and protochloroplyll, anthoeyanin increased 
with increasing irradiance over the range used. The anthocyanin concen- 
tration closely paralleled the photomorphogenic response as measured by 
leaf fresh weight increase. 

While several reports (3, 12) have demonstrated that low temperature 
and sugars supplied in the substrate or endogenously via photosynthesis will 
promote the synthesis of anthoeyanin, it is evident that these are not the 
factors contributing to synthesis by far red radiation, as reported here. 


Whether the increased synthesis of anthocyanin with radiant energy is a 


direct or indirect photo-response is not clear as vet. 


Summary 


The design of a growth chamber and a water-cooled and filtered irradia- 
tion system is described for growing plants under controlled conditions of 
temperature, humidity, irradiation, and nutrition. 

Results are presented on the effeets of the following spectral regions, 
applied continuously, on seedling growth and pigment synthesis in bean and 





WITHROW ET AL.! ORGAN DEVELOPMENT AND PIGMENT SYNTHESIS 13 


corn: the blue 436 my mercury line, red from 6380 to 700 mp, and three far 
red bands of 700 to 1150 my, 725 to 1150 mp, and 765 to 1150 mp. Maxi- 
mum photomorphogenesis occurred with wave lengths of 630 to 700 mz. 

Irradiances at 725 mp of 150 to 450 pw. cm.’ are capable of inducing : 
strong photomorphogenic response with synthesis of only traces of chloro- 
phyll. However, no combination of far red energy was found in this series 
of studies which induced a strong photomorphogenic response with no detee- 
table chlorophyll. At 765 mp, a weak photomorphogenic response was 
obtained with no measurable formation of chlorophyll. 

Blue irradiance of 2 pw./em.* induced weak photomorphogenesis with a 
chlorophyll concentration about 1000-fold greater than that in plants under 
wave lengths of 725 my with an equal degree of development. From these 
data, it is concluded that there is no quantitative relationship between 
chlorophyll synthesis and the photomorphogenic responses. 

Data are presented on the effect of 725 my irradiances at 0, 150, 450, and 
1500 pw./em.” on dry weight distribution, stem lengths, and anthoeyanin 
content in the bean plant, and fresh leaf weight, chlorophyll, protochloro- 
phyll, and carotene in bean and corn. In both species, fresh leaf weight 
increased with inerease in irradiance. Protochlorophyll and carotene syn- 
thesis were increased by low irradiances over the synthesis in the dark, but 
decreased with further increasing irradiances. All irradiation treatments 
used caused large increases in anthocyanin in bean hypocotyl. At 725 mp 
the anthocyanin progressively increased with increase in irradiance. The 
synthesis of anthocyanin in bean and corn is dependent upon a photo-proc- 
ess which does not involve photosynthesis, as shown by marked formation 
of anthocyanin in the far red where photosynthesis did not occur. 
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Cellular tests which are used in place of actual freezing tests to estimate 
the resistance to injury by freezing that a plant tissue will show are based 
on the observations of Levirr and Scartu (2, 5) and Levirr, ScartH and 
Siminovircn (3, 6, 7, 10) that the most characteristic physical property of 
frost hardy cells is their capacity to withstand injury by dehydration, 

The frost hardiness test described in the first papers of the present series 
(1, 11) was based on a determination of the percentage survival of cells 
after dehydration by plasmolysis, as effeeted by subjecting the tissues to a 
graded series of strong salt solutions. In subsequent studies hardiness has 
been determined also by estimating the survival of the cells after desicea- 
tion in atmospheres of varied relative humidities produced over a graded 
series of sulphuric acid solutions. The degree of hardiness has been assumed 
to be measurable by the extent to which the cells possess the property of 
surviving dehydration. Experimental verification of the validity of this 
assumption by comparison of dehydration tests with actual freezing tests 
has been obtained previously (6,9) with other plant tissues but not with the 
bark cells of the black locust, the experimental tissue employed in these 
studies. 

Dehydration tests for frost hardiness have tremendous advantages over 
actual freezing tests with regard to the time required to make a test, the 
amount of test material needed, and the cost of the equipment involved. In 
studies such as those of the present series, where a large number of indi- 


vidual determinations of hardiness is required, and where often only a 


« 


limited amount of test material is available, freezing tests cannot be used 
effectively. It is important, therefore, to establish the validity of dehydra- 
tion tests when applied to the bark tissues of black locust. 


Materials and methods 
TEST FOR RESISTANCE TO PLASMOLYSIS INJURY 
Samples of living bark for testing resistance to plasmolysis injury were 
obtained by removing whole bark from the trunk in one-inch squares. The 


1 Paper no, 2844, Scientific Journal Series, Minnesota Agricultural Experiment 
Station. 

* Present address: Division of Chemistry, Department of Agriculture, Science Serv- 
ice, Ottawa, Canada. 
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outer dead bark was pared off to expose the outer face of the living bark. 
A number of thin tangential sections were sliced from the face of the bark 
with a sharp razor blade, and a group of 10 sections of tissue was transferred 
to each of a graded series of balanced salt solutions (NaCl:CaCl.::9:1) 
of increasing concentration (0.5 molar to 5.0 molar). The sections were 
plasmolyzed in these solutions for 10 minutes, and transferred to fresh tap 
water for five minutes to deplasmolyze. Excess water was removed and the 
tissues stained with neutral red (a few drops of a 1% solution to 20 ce. of 
H.O). After a few minutes in the staining solution, the sections were again 
transferred to fresh tap water for 10 minutes and then examined under the 
microscope. Only those cells which absorbed and retained neutral red were 
considered to have survived the plasmolysis and deplasmolysis process. Since 
10 sections, each containing at least 100 cells, were examined after treatment 
in each plasmolyzing solution, the estimates of survival were based on at 
least 1000 cells. 

The length of exposure of the sections in the salt solutions and the time 
permitted to elapse before the percentage survival was estimated were arbi- 
trarily chosen. Protracted exposure to the plasmolyzing salt solutions will 
increase the amount of injury obtained. Similarly, if the appraisal of the 
percentage of survival in the tissues after staining and transfer to water is 
delayed, smaller survival values are obtained. These variations possibly 
arise from toxic effects of the dye and of the salts in the plasmolyzing solu- 
tion. The optimal time interval for immersion of the stained sections in 
water after staining can be determined by a study of the time required for 
toxicity of neutral red to manifest itself in cells not previously exposed to 
plasmolyzing conditions. Where such precautions are taken to avoid toxic 
effects due to the dye itself, comparisons of estimates of survival based on 
staining by neutral red with estimates based on visual examinations of 
browning, leaching, etc., have shown staining and retention of neutral red 
in cells to be a reliable index to the viability of these cells. Staining alone, 
without subsequent immersion in water for a period of time, is not sufficient 
as a criterion of survival because accumulation of dye is observed to occur 
in partially injured cells. After transfer to water, the dye leaches out of 
these cells more rapidly than from healthy cells. 

TEST FOR RESISTANCE TO DESICCATION INJURY 

Solutions of sulphuric acid of varying concentrations were prepared 
according to the relative humidities desired and placed in a series of serew- 
top jars. Tangential sections of the living bark, cut in the same manner as 
for the plasmolysis tests, were placed in waxed cups suspended from hooks 


on the covers of the jars so that the cups would hang in close proximity to 


the surface of the sulphuric acid solutions when the covers were screwed 
tightly into place. Rapid dehydration of the cells occurred, and after 24 
hours at room temperature, the vapor pressure of the tissues was in approxi- 
mate equilibrium with the sulphuric acid solutions. 
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The wax cups were lifted out of the jars and wetted directly with water 
to saturate the tissue slices. The tissues were then transferred to tap water, 
stained with neutral red, again immersed in fresh tap water and the pereent- 
age survival of the cells after exposure to each of the desiccating atmos- 
pheres determined as described for the plasmolysis tests. 


TEST FOR PESISTANCE TO FREEZING INJURY 


To provide conditions as natural as possible for the freezing process 
within the bark tissues, sections of whole living bark, with the immediately 
adjoining corky bark and wood still adhering, were used for the freezing 
tests. Three-inech lengths of logs complete with bark were cut from the 
trunks of trees and wedge-shaped sections were split from these lengths by 
a number of longitudinal cuts in a radial direction. Most of the wood was 
then split off each section by a tangential cut at a distance of 3 millimeters 
from the cambial layer. After trimming off some corky bark on the outside, 
the sections were one inch in width, about three fourths inch in thickness and 
three inches in length and contained the whole living bark between a thin 
layer of corky bark and sap wood. In this manner a sample of whole bark 
adequate for the freezing test was obtained without departing too radically 
from the conditions surrounding the bark in the intact tree. The small size 
of the samples permitted the simultaneous testing of samples from many 
different trees within the limited space available in the testing compartment 
of the freezing unit. At the time of a freezing test these sections, cut from 
different trees, were distributed into mason jars which were then spaced in 
the compartment to allow free movement of the circulating air. 

The freezing unit used was a commercially available apparatus (Ameri- 
‘an Instrument Co.) consisting of a large, well insulated cabinet divided by 
a similarly insulated partition into two compartments. Dry ice is placed in 
one compartment while the other, of 8 cubie feet capacity, functions as the 
test compartment. The two chambers are connected through a duct with a 
hand-operated damper which can be used to vary the rate of flow of air from 
one chamber into the other. Temperature control is achieved by a manually 
adjusted bimetallic thermo-regulator and a sensitive relay which activates, 
either separately or together, a blower and a heating element which is 
mounted in the test compartment. The blower forces air over the dry ice 
and into the test compartment for cooling. The heater or blower can be 
operated independently. In the very low temperature range (below — 15° C) 


only the blower is used, and the temperature range is regulated by its inter- 
mittent action. For close temperature control above —15° C the heater is 


operated in opposition to the cooling system. A continuously operating fan 
maintains cireulation of air within the test compartment. By manual ad- 
justment of the thermo-regulator and damper and an adequate supply of 
dry ice, any desired temperature between 0 and — 70° C can be maintained 
and controlled within one degree for an indefinite period of time. With the 
heating circuit in operation at temperatures above — 15° C, 40 lb. of dry ice 
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is required every 24 hours. Less dry ice is required at lower temperatures 
after the chamber has once reached equilibrium. The chambers are so well 
insulated that the blower operates for brief intervals only even at tempera- 
tures of —70° C. This apparatus made it possible to reproduce easily any 
conditions of extremes or variations In temperature to be found in cultivated 
areas of northern latitudes. However, some arbitrary rate of drop in tem- 
perature had to be selected. To avoid killing due to freezing of an intra- 
eellular nature which might be incurred with too rapid a drop in tempera- 
ture or with excessive supercooling, the following procedure was adopted. 
The test material was placed in the cabinet at room temperature, and the 
temperature was then lowered rapidly to just above the freezing point and 
maintained there for several hours until the tissues had reached equilibrium. 
The temperature of the cabinet was then lowered at the rate of 1° C per 
hour. The response in temperature drop was instantaneous but the selected 
rate of drop in temperature permitted the temperature of the tissue to come 
to equilibrium with that of the circulating air before it was lowered another 
increment. The temperature inside the test compartment was read through 
a plate glass window in the cover of the cabinet from a thermometer mounted 
inside the cabinet. The temperature of the tissue was measured by a 
thermo-couple inserted into the center of a representative sample and con- 
nected to a galvanometer circuit on the outside. When each of the various 
freezing temperatures required for the test was reached in turn, mason jars 
containing samples from each of the trees being tested were removed for 
thawing. 

Several of the samples in each test were held at —1° C for 24 hours to 
thaw slowly. Where rapid thawing was desired, the samples were plunged 
immediately into tap water at room temperature. After slow or rapid thaw- 
ing, transverse or tangential sections were cut from the living bark, and the 
percentage of cell survival was determined by the neutral red staining tech- 
nique already deseribed. 

The large samples used in the freezing test permitted survival to be esti- 
mated in other ways. After thawing, the corky bark and wood were re- 
moved and the samples were immersed again in tap water for an hour. At 
the end of this period any freezing injury could be detected easily by ob- 
serving the degree of flaccidity of the tissue and the extent of leaching and 
browning. The percentage of survival determined in this way always paral- 
leled that observed in the staining test. 


A BASIS FOR COMPARISON OF RESISTANCE TO INJURY BY THE 
VARIOUS METHODS 


If freezing injury in locust bark cells results primarily from dehydration 
of the cells due to diffusion of water from the cellular fluids to extracellular 


ice crystals as freezing progresses, the survival achieved, under any of the 
tests described, can be regarded as a measure of the capacity of the tissue to 
withstand such dehydration. A comparison of the various tests ean be made 
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on the basis of the dehydration intensity which in each test is accompanied 
by an equal lethal effect on the tissue. For equal degrees of dehydration 
intensities imposed, comparable dehydration will oceur when the relative 
vapor pressure, P/ Po (wi.-re Po = vapor pressure of pure water and P = vapor 
pressure of the water in the cell at equilibrium), of the water in the cell is 
brought to the same value under each type of test applied. Since the differ- 
ence in the partial molar free energy of a solvent is equal to RT In Po/P 
TABLE I 
RELATIVE VAPOR PRESSURES, MOLARITIES, AND FREEZING POINT 
DEPRESSIONS EQUIVALENT TO VARIOUS DEHYDRATION 
INTENSITIES EMPLOYED IN THE DESICCATION, 
PLASMOL YSIS, AND FREEZING 
TESTS, RESPECTIVELY. 
Relative 
vapor 
pressure 


Dehydration 


; : Freezing 
intensity 


point 1i,S0,* Osmotic 


pressure 


Molarity of 


solutions 


Po P depression 


Log 
Po 
Cc a atmos, 
0 1.00 0 0 
0.0086 0.98 2.05 3.6 24.8 
0.0179 0.96 226 7.4 51.5 
0.0269 0.94 > 6.43 10,9 77.4 
0.0362 0.92 : 8.65 14.0 104.2 
0.0457 0.90 ri 10,91 16.9 131.5 
0.0554 0.88 3.: 13.22 19.5 159.5 
0.0652 0.86 15.56 21.2 187.7 
0.0755 0.84 18.03 23.0 217. 
0.0864 0.82 20.61 25.7 248.6 
0.0969 0.80 23.13 26.3 278.8 
0.1248 0.75 29.79 30.1 359.5 
0.1547 0.70 36.93 33.2 445.0 
0.1870 0.65 44.62 35.9 538.0 
0.2219 0.60 52.97 38.4 638.5 
0.2596 0.55 61.95 40.8 747.0 


*Giving corresponding relative vapor pressure. 


fal 


(temperature held constant) and since the value of P/Po is virtually inde- 
pendent of temperature, the value of log Po/P can be taken as a measure of 
the dehydration intensity, and serve as a basis for comparison, 

In the desiccation test, the relative vapor pressure of the water remain- 
ing in the tissue is obtained directly from the relative humidities of the sul- 
phuric acid solutions employed. The relative vapor pressure of water in 
equilibrium with ice at various temperatures below 0° C can be calculated 
from the equation, log Po, P = 0.00419 AT, where P/Po = the relative vapor 
pressure and AT =the temperature in degrees centigrade below 0° C, to 
which the tissue is subjected in the freezing test. The relative vapor pres- 
sures of the solutions employed in the plasmolysis tests ean be similarly 
calculated from the freezing points of solutions of NaCl and of CaCl. (Inter- 
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national Critical Tables, Volume IV, pages 257-258) and the assumption 
that the effect of each salt is additive in the mixtures here employed. 

The conditions of dehydration which result in a standard degree of kill- 
ing of the cells of the tissue sample are compared. The dehydration in- 
tensity (log Po/P) required with each sample to effect a 50% kill of the 
cells under one type of test is plotted against the corresponding dehydration 
intensity required by a second type of test to effect an equal degree of kill- 
ing. In table I are given the relative vapor pressures (P/ Po), the molarity , 
of NaCl: CaCl, solutions, and the freezing point depressions (AT) equiva- 
lent to various dehydration intensities (log Po’ P) relating to the conditions 
employed in the desiccation, plasmolysis and freezing tests, respectively. 








A 8 
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Fic. 1. A. Comparison of dehydration intensities, log Po/P, required to effect a 
50% killing of bark cells in the plasmolysis and desiccation tests. Spe = dehydration inten- 
sity in the plasmolysis test, Bp = dehydration intensity in the desiccation test. B. Com- 
parison of dehydration intensities, log Po/P, required to effect a 50% killing of bark 
cells in the desiccation and freezing tests. Bp =dehydration intensity in the desiccation 
test, By = dehydration intensity in the freezing test. 


The concentration of sulphuric acid solutions which yield the corresponding 
relative vapor pressures in the desiccation tests and the ealeulated values of 
osmotic pressure (at 0° C) corresponding to the various dehydration intensi- 
ties are also included. 


Results 


The extent to which the resistance of the bark tissues to injury by plas- 
molysis may be correlated with their resistance to injury by desiccation was 
first examined. To study this relationship over a wide range, a series of 
bark tissue samples which had previously been found to differ markedly in 
their resistance to injury by plasmolysis were tested simultaneously for re- 
sistance to injury by both processes. The relation of plasmolysis resistance 
to desiccation resistance is shown graphically in figure 1A as the values of 
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dehydration intensity required by each method to effect 50 killing of the 
cells of each of the samples tested. 

The points in figure 1A beyond that position which corresponds to a 
solution of 5 molar concentration (or a plasmolyzing dehydration intensity 
equivalent to 0.096) represent the results of desiccation tests on samples of 
bark tissue obtained from trees in early and late winter. At these times the 
frost resistance is at or near a maximum, and the tissues show extreme re- 
sistance to injury by plasmolysis. Even immersion in the 5 molar solution 
is not sufficient to produce 50% killing of their cells. Since a 5 molar solu- 
tion approximates the highest concentration of balanced salt solution attain- 


able at ordinary temperatures, resistance to injury from plasmolysis could 


not be measured in these tissues. On the other hand, no degree of resistance 
to dehydration was found in the cells of tissues of the black locust even in 
winter which could not be measured by means of the desiccation tests, since 
the dehydration intensity of the desiccating atmospheres which are attain- 
able over even moderately concentrated sulphurie acid solutions readily ex- 
ceeds this limit. The dehydration intensities which were required in desicea- 
tion tests for 50% killing of the cells in those samples whose resistance could 
not be measured by the plasmolytie method are indicated in figure 1A by 
circles placed on the dotted extrapolation of the curve defining the relation- 
ship between the two tests. 

The time of exposure of the tissues to the concentrated solutions used in 
the plasmolysis test was limited to 10 minutes. Prolonged immersion of 
these tissues“in the solutions leads to a gradual increase in the number of 
cells killed. Even the cells of the most resistant tissues eventually succumb. 
It would appear, then, that the resistance to injury from plasmolysis of even 
the most resistant tissues might be measured under sueh conditions. How- 
ever, protracted plasmolysis is undesirable because the toxic effeets of the 
salt solutions influence the results in addition to the effects of dehydration. 
Nevertheless, it is probable that, with another choice of plasmolytie agents 
(e.y., sugars) and with an increase in plasmolysis time, the range of the 
plasmolysis test could be extended considerably. 

From figure 1A it is evident that, within the limits of the plasmolysis 
tests, the tissue resistance to plasmolysis injury is definitely and linearly 
related to its resistance to desiccation injury. While a few points deviate 
considerably from the regression curve, this situation could undoubtedly be 
improved by stricter adherence to the empirically chosen procedures fol- 
lowed in each of the tests. The significance of the failure of the regression 
line to pass through the origin is unknown but may stem from the toxie 
effects of the plasmolysis solutions which do not vary necessarily in the 
same manner as their dehydration intensities. 

It remained to be shown that one or the other form of resistance could be 
similarly correlated with resistance to freezing injury. That a relationship 
exists between resistance to injury by plasmolysis and actual hardiness to 
winter conditions has been repeatedly indicated. This relationship may be 
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illustrated by a series of ringing experiments performed on two locust trees. 
At different times during a summer these trees were freshly bark ringed, the 
new rings being placed on each tree at progressively higher levels. Assuming 
that an estimate of resistance to injury by plasmolysis would furnish some 
measure of their frost resistance, plasmolysis tests were performed in Oc- 
tober on the various segments of the bark of these trees. These tests indi- 
cated that the bark of those sections of the trunks between rings which were 
situated lowest on the trunk, and which therefore had been intercepted 
TABLE II 
IME RELATIONSHIP OF THE RESISTANCE OF THE BARK TISSUES OF RINGED 
LOCUST TREES TO PLASMOLYSIS INJURY AND THEIR CAPACITY FOR 


WITHSTANDING NATURAL FREEZING CONDITIONS 
DURING THE WINTER. 


Per cent. survival of 


- Per cent. survival 
tissues after exposure 


of tissues after 
exposure to natural 
freezing conditions 

during winter, 

March estimate 


to molarities of plas- 
Part of tree moly zing solutions, 
October test 


Time of 
ringing 


Ringed 


Rin 
tree g 


1M 2M 3M 4M 5M 


Crown, above ring 5 100 100 100 100 100 
September 23 

Between ring 4 & 5 100 
September 3 

Between ring 3 & 4 7 j 100 
August 18 

Between ring 2 & 3 30 
August 2 

Between ring 1 & 2 80 : 0 
August 2 

Base, below ring 1 100 


Crown, above ring 5 100 
September 23 

Between ring 4& 5 
September 3 

Between ring 3 & 4 : 90 
August 18 

Between ring 2 & 3 ; ; 30 
August 11 

Between ring 1&2 100 100 90 : 10 10 
August 11 

Base, below ring 1 100 100 100 100 80 100 


earliest during the summer, had developed considerably less resistance to 
plasmolysis injury than the bark of normal intact trees at this time. The 
resistance of those sections located between the earlier rings was also less 


than that of the sections between later rings and considerably less than 


those of the terminal or basal parts of the same tree above and below the 
rings. A considerable range of hardiness as measured by resistance to plas- 
molysis injury was therefore encountered in the different parts. These dif- 
ferences in hardiness were so marked that the results of the plasmolysis tests 
were cheeked with actual freezing tests. The ringed trees were left standing 
and exposed to natural conditions for the duration of the winter. The fol- 
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lowing spring the extent of survival of the various sections Was appraised 
and found to correspond very closely to that expected from the results of 
the plasmolysis tests in October. These results are shown in table IL. The 
actual degrees of hardiness and resistance to injury from plasmolysis which 
were reached finally in mid-winter in all parts of these ringed trees were 
probably greater than those indicated in October, but the increase was 
nevertheless not sufficient to enable the bark of some of these sections to 
survive winter conditions. The plasmolysis tests performed in the fall served 
quite adequately to indicate the capacity of these various tissues to with- 
stand freezing conditions during the winter. 

Because a freezing test performed under natural conditions measures the 
effect of the sum total of a large variety of conditions which are not easily 
reproducible from year to year and are not amenable to quantitative expres- 
sion, a dependable basis for the evaluation of dehydration tests could be 
arrived at only by comparing them with freezing tests performed under con- 
trolled conditions in the laboratory. Having shown the existence of a direet 
relationship between the plasmolysis and desiccation tests and because of 
the greater range afforded by the latter, the desiccation test was adopted 
in preference to the plasmolysis test for quantitative comparisons with the 
controlled freezing tests. Freezing tests (with slow thawing) and desiceation 
tests were performed simultaneously on tissues of each of a series of bark 
samples taken from trees at different stages of hardiness. The results of 
these tests are presented graphically in figure 1B where the dehydration 
intensities required to produce killing of 50% of the cells in desiccation tests 
are plotted against the dehydration intensities which correspond to the tem- 
peratures to which the samples had to be frozen in order to obtain the same 
degree of killing. 

Over a considerable range of tissue hardiness, the resistance or suscepti- 
bility of cells to injury by desiccation is shown to be linearly proportional 
to their resistance or susceptibility to injury by freezing. In view of the 
previously demonstrated correlation of plasmolysis resistance with desicea- 
tion resistance, a similar linear proportionality must exist between plas- 
molysis resistance and freezing resistance. 

Equations deseribing the regression lines statistically derived from the 
data in figures 1A and B, respectively, are By = 0.696 Bp + 0.010 (r = 0.980) 
and By = 0.464 Bp + 0.003 (r = 0.994), where the symbols Bp, Bp, and By repre- 
sent the dehydration intensities of desiccation, plasmolysis and freezing con- 
ditions of the various tests employed (r is the regression coefficient). From 
these equations the relationship between the plasmolysis and freezing tests 
may be ealeulated as Bp = 0.667 By + 0.010. 

None of these tests is exactly equivalent to any of the others, “.e., the 
slope of the curve describing their interrelationship in no case is equal to one, 


which must be interpreted to mean that the dehydration intensity is not 
the sole determining factor in the killing process under the tests as run. All 
of the tests are empirical as to procedure, other than the conditions of dehy- 
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dration intensity imposed, and the choice of 50% killing as the level for 
comparison is arbitrary. That conditions other than intensity of dehydra- 
tion are involved in determining the extent of killing is illustrated also, 
when the percentage survivals of the cells of an identical tissue are com- 
pared after samples are subjected to varying intensities of dehydration by 
each of the three methods of testing. Figure 2 shows this relationship where 
a tissue of an intermediate degree of hardiness was studied by all three 
methods. The importance of an empirical difference in procedure, when 
introduced into a given test, is shown in this graph by the change which 
results in the percentage survival when slow as compared to fast thawing 
procedures are followed in the freezing test. It is also evident that those 
tests conducted at room temperature (plasmolysis and desiccation) are 
sharper in their killing effects than is the freezing test itself; that is, a wider 
range of dehydration intensities is required at low temperatures to span the 


100 


“_ 
iS.) 


3 


a 
Ss 
> 
2 
ad 


Nn 
S.J 








15 


Fic. 2. Per cent, survival versus dehydration intensity, 8, for a tissue of moderate 
hardiness under conditions of the plasmolysis (P), desiccation (D), freezing with fast 
thawing Fie, and freezing with slow thawing F,s) tests. 


killing range from zero to 100% than is required at the higher temperatures. 
In this regard, the desiccation test is sharper in its action than is the plas- 
molysis test. Because of this circumstance alone, it is apparent that com- 
parison at 100% survival instead of 50% survival would tend to yield ratios 
(slopes in such comparisons as those in Fig. 1 A and B) closer to unity, te., 
a near equivalence of the killing effects under equal deliydration intensities. 
Such equivalence is, however, of no real importance since any freezing test 
that might be applied must itself be empirical and relative in comparison 
with the variable climatie conditions which may exist during any winter 
season. The point of paramount importance derived from the relationships 
shown in figure 1 is that the killing capacities of all of these tests are closely 
proportional to one another when compared on the basis of dehydration in- 
tensities and that any one of them will yield a dependable comparison of the 
capacity of a series of tissues to withstand injury by freezing. 
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In table II, it was shown that plasmolysis tests, made in October, pro- 
vided a useful index to the relative survival capacity of bark tissues of 
locust under natural freezing conditions of the following winter. In table 
III, the results from a group of similar experiments illustrate that desic- 
cation tests made in November provide also a reliable index to survival 
capacity. The desiccation test provides a greater range also than the plas- 
molysis test. As in the earlier experiments, several trees were ringed at dif- 
ferent times during the summer at progressively higher levels along the 
trunk. The hardiness of the bark of these tree segments was tested in No- 
vember by means of the desiccation test. A wide range of resistance to 
injury by desiccation was detected, the bark of the early ringed sections 
showing, again, the least resistance to injury from dehydration. In Novem- 
ber, the trees were cut into log sections at the points of ringing and placed 
outdoors in close proximity to the laboratory building for the duration of 
the winter. In the spring it was found, as in the previous ringing experi- 
ments, that the tissues with the least resistance to desiccation injury in the 
fall had not survived. However, much less injury was encountered in the 
remaining sections than had been expeeted on the basis of the desiccation 
tests or on the basis of the degree of survival observed in the earlier ringing 
experiment where the trees had been left standing during the winter. It was 
surmised that temperature conditions outdoors in the storage location of the 
log sections had not been severe enough to cause killing, whieh was a fortu- 
nate circumstance because the tissues of the surviving sections could now be 
retested under conditions of the controlled freezing test in the laboratory. 
The differences in hardiness between the tissues of the various sections as 
predicted on the basis of desiccation tests were confirmed in these freezing 
tests as is illustrated in table IIT, where the values of resistance to desicea- 
tion injury found in the various ringed sections are compared with the de- 
gree of survival observed in these sections under outdoor conditions as well 
as alter being subjected to low temperatures in the controlled freezing tests. 
In order to confirm the existence of differences in hardiness between the 
most hardy tissues as they were indicated by the desiccation tests but which 
could not be revealed by freezing at —60° C with slow thawing, the result 
of one test at — 60° C with rapid thawing is included in the table. 

Resistance to desiccation injury was determined on these tissues in No- 
vember while resistance to freezing injury was determined the following 
Mareh. As indieated previously, further changes in hardiness often take 


place in trees during this period, and these changes do not occur to exactly 


the same degree in different trees. For this reason it cannot be expected 
that, in these ringed trees, the resistance to freezing injury would show the 
same correlation with resistance to desiceation injury as was found in the 
course of those experiments based on the results of controlled freezing and 
desiccation tests performed simultaneously (fig. 1B). A broad parallelism 
nevertheless exists between the resistances to freezing predicted from desie- 
eation tests made in November and those observed by actual freezing tests 
on tissues from the same source in March. 
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Results of plasmolysis, desiceation and freezing tests performed simul- 
taneously on samples of bark tissue taken from the same tree in mid-sum- 
mer and in mid-winter are of interest and are given in table IV. They 
illustrate the extreme resistance to injury by dehydration or freezing which 
is developed in winter in this tissue in contrast to the small degree of re- 
sistance found in the summer tissue. This extreme tolerance of bark tissue 

TABLE IV 
A COMPARISON OF THE BARK TISSUES OF THE SAME TREE IN THE WINTER 
AND IN SUMMER WITH RESPFCT TO THEIR PROPERTIES OF RESISTANCE 
TO PLASMOL YSIS, DESICCATION, AND FREEZING. 
Concentration of Relative humidity of 
plasmolyzing desiccating atmos- 


solution giving phere giving 
50% killing 50% killing 


Date of collection 
of sample for 
testing 


Freezing temperature 
(slow thawing) giving 
50% killing 


‘ 
February 6 5M 64 —60 
July 28 1M 96 —5 


in winter to the effeets of dehydration is of particular signifieance in view 


of the current and widely accepted practice of watering trees in fall to avoid 
injury by winter desiccation. It seelis improbable that under normal or 
even adverse conditions sufficient water is ever lost from trees in winter to 
produce that degree of desiccation which is required to kill their cells when 
in the frost-hardened condition. 

Discussion 

The foregoing appraisal of dehydration tests with regard to their value 
in the study of frost hardiness is by no means exhaustive. The results indi- 
cate, however, that such tests yield comparative values of hardiness whieh 
are as dependable as those obtained from an actual freezing test. While 
dehydration tests should serve equally well for routine measurements of 
frost resistance in agricultural or horticultural practice, some modifications 
of the procedures, as they are described here, may be required before they 
will prove to be entirely suitable and preferable to actual freezing tests for 
this purpose. In any case, whether deliydration tests or freezing tests proper 
are used for determining frost hardiness, it appears that the accumulated 
evidence concerning the nature of the mechanism of frost injury, though 
available in papers and reviews (4, 6, 7, 8), has not been generally utilized 
in guiding the design of tests for this purpose. It is timely and useful there- 
fore to present certain considerations based on this evidence and on the 
experimental results of the present paper, to serve as a guide in the labora- 
tory testing of plants for frost hardiness. 

It is essential that the facts concerning the mechanisms of freezing and 
freezing injury in plant tissues be reeognized. There are two mechanisms 
by which plant tissues may freeze and correspondingly two modes of injury. 
Normally, when the temperature drop is slow, the process involves the for- 
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mation of ice crystals only in the intercellular spaces, or extracellularly as 
it will be referred to subsequently (8). These ice crystals grow as the tem- 
perature drops, at the expense of water derived through the dehydration of 
the cells adjoining these spaces. A progressive increase in the solute con- 
centration of cellular fluids and «a concomitant depression of the freezing 
point of the water contained therein parallels the drop in temperature and 
this, together with an action of the protoplasmic colloids in’ promoting 
undereooling (11), effectively prevents crystallization from occurring in the 
interior of the cells. If, however, the temperature drop occurs very rapidly 
in the tissue, then either because of an excessive supercooling of both the 
extracellular and intracellular fluids followed by extensive ice formation or 
because the rate of diffusion of water from the cells to externally located 
centers of ice formation cannot keep pace with the drop in temperature, 
intracellular freezing eventually oecurs. 

Intracellular freezing is invariably fatal to cells whether they are hardy 
or not because of a mechanical disorganization of the protoplasm caused by 
the ice crystals which form within them (8). On the other hand, where 
freezing is extracellular, the cell contents are merely concentrated by de- 
hydration. Injury, if any, arises only from the effect which dehydration has 
on the protoplasm and protoplasmic membranes of the cells. Extracellular 
freezing, as has been emphasized by Scarru (6) does not differ intrinsically 
from the process of dehydration by plasmolysis or desiccation although de- 
tails of the mechanism of the volume contraction may vary from one proe- 
ess to another. In each instance the reduction in the protoplasmic and 
vacuolar volume increases with increasing dehydration. In plasmolysis this 
reduction in volume is achieved osmotically and is observed microscopically 
as a recession of the protoplast, independently, from the cell walls. Dehy- 
dration by desiccation or by freezing results from a diffusion or distillation 
of water through the cell membrane, and it is observed that the protoplast 
continues to adhere to the cell walls during the process. The walls, usually 
two opposite walls, invaginate and the cell as a whole collapses. It might 
be expected that these differences in mode of contraction would result in 
differences in degree of injury produced by plasmolysis on the one hand and 
desiccation or freezing on the other at equivalent levels of dehydration 
which may, indeed, be the case; but the injury associated with the contrae- 
tion in each of these dehydration processes is largely a product of those 
effects which the removal of water from plant protoplasm has on its physical 
properties. With this removal of water from the protoplasm being the 
unique feature common to all these processes, the essential similarities be- 
tween them, in respect to their injurious effects on cells, outweigh their 


differences. Thus a certain degree of sensitivity of the eells to injury by 


plasmolysis, for example, marks a closely corresponding although not neces- 
sarily identical degree of sensitivity of the cells to injury by desiceation or 
by freezing. 


The testing for total frost hardiness in plant tissues must always involve 
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two independent procedures, first, a measurement of the relative facility 
with which intracellular ice formation can be induced in these tissues and, 
secondly, a measurement of the capacity of these tissues to withstand the 
sum of the various effects of dehydration and rehydration. 

Consider first the testing for resistance to jury by intracellular freezing. 
Since intracellular freezing is always fatal to a cell in which it oceurs, any 
resistance Which a plant may develop or possess to injury of this type can 
only be such as to prevent its incidence. Because the mechanisms concerned 
in such case are still obscure, it would appear that this resistance can be 
effectively evaluated only by exposing the plant or plant tissue to environ- 
mental conditions favoring this type of freezing followed by an appraisal of 
the degree of its incidence. Such conditions: could be achieved either by 
rapid freezing or by excessive supercooling in a freezing chamber followed 
by rapid ice formation. Rapid freezing is the more easily controlled and 
therefore the preferred of these methods. It is necessary to distinguish the 
effects due to intracellular freezing from those due to extracellular freezing 
and this can be achieved directly only through microscopic observation of 
the mode of freezing in the tissue slices mounted on a freezing stage. While 
the susceptibility of cells to intracellular freezing when exposed to a rapid 
drop in temperature in tissue sections might not be identical with that of 
cells of the intact plants, some correspondence in this respect would be ex- 
pected. If intact plants are to be tested, direct observation of the freezing 
process is attainable only in those somewhat translucent plants where a con- 
siderable number of the individual cells ean still be discerned within the 
intact structure of the plant when viewed under a low power objective. The 
behavior of cells undergoing intracellular freezing is characteristic and 
readily recognized under microscopic observation (8). In lieu of any such 
method of direct observation, some indirect criterion of the degree of inei- 
dence of intracellular freezing could be employed. In most instances the 
degree of incidence of intracellular freezing can be assessed by comparing 
the amount of injury obtained after slow freezing with that obtained after 
rapid freezing. Since cells are invariably killed at any freezing temperature 
if frozen intracellularly, the killing temperature with fast freezing will be 
far above that with slow freezing. It is necessary then, in comparing a 
number of different plants for relative susceptibility to intracellular freez- 
ing, to find, first, some freezing temperature which produces no injury to any 
of the plants when they are cooled slowly to this temperature and thawed at 
some standard rate. The same plants will then be cooled to this tempera- 
ture at progressively more rapid rates and thawed at the standard rate until 
injury becomes apparent. Any differences between these plants with re- 
spect to injury will then be attributable to differences in the incidence of 


intracellular freezing. A standard period and temperature for recovery 
between freezings must be maintained. In addition to such rapid freezing 
tests, consideration of the mechanism of freezing indicates that the occur- 
rence of one or the other type of freezing may be determined by observing 
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the rate at which the cell fluids can be concentrated by passage of water to 
externally growing ice crystals. Although other factors may also be in- 
volved, the permeability of the cell surface as well as the ratio of cell sur- 
face to cell volume will affect this rate of concentration. Levirr and Scartu 
(2) have shown that hardy cells are more permeable to water than non- 
hardy cells and that these hardy cells are less susceptible to intracellular 
freezing under conditions of rapid cooling. They recommend a plasmolytie 
determination of water permeability as a test for resistance to intracellular 
freezing. With the increase in ratio of surface to volume which accompanies 
reduction in cell dimensions, it is not surprising that the hardiest plants, 
namely those which are exposed to and tolerate rapid temperature fluctua- 
tions as well as extremes of low temperature, like trees and shrubs, have 
characteristically small cells. Intracellular freezing is probably of rare 
occurrence in these plants under any conditions of cooling. The considera- 
ble resistance of bacterial cells to injury by rapid freezing may be due to a 
particularly high order of the ratio of their surface to volume. On the other 
hand, herbaceous plants generally, and large-celled succulents in particular, 
are prone to intracellular freezing which must be a predominant faetor in 
the injury of these plants by frost under natural conditions. Even hardened 
cabbage plants show intracellular ice formation under conditions which 
never produce intracellular ice formation in the cells of the bark of trees or 
shrubs (8). Cell size appears to be the one morphological or anatomical 
character which bears some consistent relationship to the total hardiness of 
plants. A preliminary appraisal of cell size, even without a rapid freezing 
test, may well serve as an index to that part of the hardiness of the plant 
which affords protection against injury by intracellular freezing. 

Because of the predominant importance of the extracellular mode of 
freezing in perennial plants under normal conditions, testing for resistance 
to injury by this type of freezing assumes relatively much greater impor- 
tance than testing for resistance to injury by intracellular freezing. The 
guiding principle in the design of tests for this type of hardiness is the essen- 
tially dehydrative character of extracellular freezing. This form of resist- 
ance is, therefore, amenable to testing in the laboratory at room temperature 
by means of the dehydration tests of plasmolysis and desiccation as well as 
by conventional freezing tests. Relative resistance to injury by dehydration 
ean be measured in terms of the percentage survival of the cells of the plant 
tissue after being subjected to different freezing temperatures or, alterna- 


tively and much more quickly, after exposure to different degrees of dehy- 


dration in plasmolyzing solutions of varying concentration or against desic- 
cating atmospheres of varying relative humidity. The linear correlations 
for such tests performed simultaneously on tissue samples taken from the 
bark of the black locust at various stages of hardening establishes the fact 
that the different tests are equally valid for estimating the relative hardi- 
ness of these tissues. It is indicated in these experiments, however, that 
equal dehydration intensities produced by these empirically chosen plas- 
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molysis, desiccation, and freezing tests are not strictly equivalent with 
respect to injurious effects on cells. 

The lack of equivalence between the various tests stems partly from the 
peculiarities of the cell contractions associated with each of these dehydra- 
tion processes and partly from the particular manner in which the dehy- 
dration tests have been carried out. The stresses and strains developed in 
the protoplasm in the contracting as well as in the expanding stages of the 
hydration changes to which they are subjected are somewhat different in 
each test even though the maximum degree of dehydration of the protoplast 
may be identical. The salt solutions employed in the plasmolysis tests are 
in themselves somewhat toxic, and the increase in injury with time observed 
in plasmolyzed cells exceeds the injury expected on the basis of dehydration 
alone. The most important lethal differences at comparable dehydration 
intensities in the tests, however, probably stem from differences in the rate 
and length of time of exposure to the dehydration conditions, in the rate of 
rehydration, and in the temperatures at which the tests are carried out. 
The effeets of these and possibly other factors appear either to remain con- 
stant in a given test empirically devised or their contributions to the lethal 
action in the test bear a constant relationship to the dehydration intensity 
imposed. Thus the application of a given test to tissues of varying resist- 
ance to dehydration injury will yield results depicting a constant ratio be- 
tween that resistance and the dehydration intensity applied. The ratio may 
vary for each empirical modification of procedure incorporated into the test, 
and it will be different from one general type of test to another. A plas- 
molysis, desiccation, or freezing test, run in a constant though empirical 
manner on a series of tissues of varying resistance to dehydration injury 
will, however, yield relative values of dehydration intensities which aecu- 
rately reflect those capacities. The ratios of dehydration intensities required 
for equal degrees of killing will not be unity between the different tests but 
the ratios will parallel one another. 

The choice of empirical procedure to be adopted with any of these types 
of tests will be based on the convenience with which the test ean be per- 
formed on the tissue under observation, but a rigid adherence to the chosen 
procedure is essential for dependable comparisons. Actual calibration of 
the other dehydration tests against a freezing test is desirable. However, 
any actual freezing test which might be followed will itself be only relative 
with respect to any different freezing test and will not necessarily be any 
better correlated with actual conditions in the field (winter conditions) than 
are the dehydration tests which can be run at ordinary temperatures, 


In the foregoing discussion the essential features which must be incorpo- 


rated into tests of frost hardiness in plants have been deseribed. The re- 
maining discussion concerns the application of these tests to types of specific 
problems which are encountered in investigations of frost hardiness. Such 
problems can be classified broadly into two groups, one, the theoretical or 
fundamental studies where interest is attached ‘9 the mechanisms involved 
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in frost resistance, and the other, the practical studies which are concerned 
primarily with the testing of the capacity of plants to survive freezing con- 
ditions in the field. 

The studies reported in the present series of papers, have, as their objee- 
tive, the detection of relationships between changes in the chemical compo- 
sition of the cellular components of the bark tissue of the locust tree and 
changes in its frost hardiness, and ultimately, the discernment of the ehemi- 
cal mechanism of frost hardiness. This is an example of the more theoreti- 
cal type of investigation of frost hardiness. In such studies, it is necessary 
only that the direetion of change in hardiness or the differences in hardiness 
be determined. The exact freezing temperature which the tissues can toler- 
ate is of secondary importance. Any test, therefore, which will encompass 
the range of hardiness encountered in the black locust bark and which will 
also indieate the relative hardiness of these tissues is adequate. Further- 
more since extracellular freezing is observed to be the most usual form of 
freezing in a small-celled tissue like the bark of trees, this form of freezing 
alone being eapable of producing 100 killing at —5° C in mid-summer and 
on injury at all at — 60° C in winter, the most important chemical changes 
involved in the total hardening mechanism would be those concerned with 
the development of resistance to extracellular freezing. It is not implied 
that resistance to intracellular freezing may not be produced in winter in 
the locust, rather it is emphasized that resistance to extracellular freezing 
constitutes the most important aspect of its total frost hardiness. In follow- 
ing the hardiness changes in the locust in relation to changes in chemical 
composition, only that part of the hardiness need be measured which con- 
sists of resistance to injurious effects of extracellular freezing or dehydra- 
tion. It follows from previous considerations that plasmolysis or desiccation 
tests are not only eminently suitable but desirable for the type of investiga- 
tions here pursued. 

Another aspect of tests for hardiness for use in fundamental chemical 
investigations further differentiates them from practical tests. The survival 
capacity of the plant as a whole is not a prime consideration in such funda- 
mental studies. Rather the survival capacity of a plant part or even of a 
group of cells, in relation to chemical composition is the point of emphasis. 
It becomes increasingly evident from studies of this kind that, ultimately, 
local variations in hardiness and chemical composition will have to be con- 
sidered. Ideally the chemical composition of each cell or small group of 


cells should be studied in relation to the hardiness of the same cell or groups 


of cells. Plasmolysis or desiccation tests, requiring but minimal amounts of 
test material are especially suitable for such studies. 

Where, on the other hand, the objective of hardiness testing is a predic- 
tion of the capacity of a plant to survive when exposed to freezing conditions 
in the field, some modification of the present dehydration tests or the use of 
actual freezing tests alone may be required. In the first place a measure 
of the hardiness of every part of the plant is generally necessary. If plas- 
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molysis or desiccation tests are to be applied, tissue sections for the tests 
should be teken from all parts of the plant. Injury to critical tissues like 
the primary or secondary meristem must certainly be assessed because this 
injury, however localized or restricted, could eventually lead to altered 
growth or even death of the plant, as is well recognized in horticultural 
practice. It is important, also, that resistance to injury by intracellular 
freezing must be determined. The possible incidence of injury from intra- 
cellular ice formation can never be ignored in the case of herbaceous plants. 
Actual freezing tests must be employed for this purpose. An appraisal of 
the relative contributions of both types of freezing to the total injury under 
different freezing conditions might well be a guide to the climatic conditions 
most suitable for cultivation of the plant under consideration. Although the 
resistance to intracellular freezing must always be taken into account, the 
measurement of resistance to injury produced in extracellular freezing is 
still the most important aspect of the practical testing for frost resistance. 

Dehydration tests can prove most useful in this regard. An important 
advantage of the plasmolysis or desiccation tests derives from the fact that 
there is never any question but that resistance to dehydration, and therefore 
to extracellular freezing, is being measured by these methods. Because of 
the small amounts of tissue required in these tests compared to those re- 
quired for a satisfactory freezing test, the course of hardiness development 
in one or many plants which are being subjected, as in agronomic practice, 
to varying environmental conditions over an extended period of time can be 
followed continuously and conveniently through their use without serious 
detriment to the plant or plants. For these reasons the plasmolysis and 
desiccation tests where logically applied will afford methods for the practical 
testing, simultaneously and with limited space and equipment, of the hardi- 
ness of a very large number of plant individuals. 

The results of the dehydration tests reported in this paper also indicate 
that plants which are frost resistant are also drought resistant. Dehydra- 
tion tests can be used equally well for the determination of the capacity of 
plants to resist drought injury, and their use for this purpose should aid in 
the selection of plants possessing combined resistance to drought injury and 
to injury by extracellular freezing. 

Summary 

The validity of the use of plasmolysis and desiccation tests for estimating 
the resistance of the bark tissue of the black locust to injury by extracellu- 
lar freezing has been examined and established by comparing such tests with 
actual freezing tests performed under natural and standardized laboratory 
conditions. 

Considerations based on published evidence concerning the mechanism 
of freezing and freezing injury in plants and on the results of the correlation 
studies described, are presented in a discussion to serve as a guide to the 


testing of frost hardiness of plants in the laboratory in general. Special 
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emphasis is accorded to the usefulness and the advantage of dehydration 
tests for this purpose. 


The authors wish to thank the Herman Frasch Foundation for Chemical 
Research for a grant of funds in support of a five-year program of research 
into the problem of winter hardiness in plants. The present paper consti- 
tutes a report on a part of this research. 
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Because vegetative succession in the range of loblolly pine is toward a 
hardwood climax, successful pine regeneration sooner or later requires reduc- 
tion of hardwood competition. It would be a great deal easier to cope with 
the competing hardwoods if they could not sprout. All hardwood species 
in this type are capable of sprouting, however, although there are differences 
among species. To devise effective and efficient methods for controlling 
hardwoods, the forester must know how and why environmental conditions 
and characteristics of the parent stem affect sprouting. 

In the southern Atlantic coastal plain, sweetgum (Liquidambar Styraci- 
flua L.) is a major component of the hardwood understory. Its prevalence 
and its ability to sprout quickly, vigorously, and persistently make it one 
of the most serious competitors of pine seedlings. 

Reports concerning other species indicate that site quality, size of the 
parent tree and season of cutting are the most important factors influencing 
the sprout growth of a species. Good sites result in more vigorous sprouting 
than poor sites (25, 29). Sprouting generally seems to increase with the 
diameter (at breast height) of the parent tree up to five inches and decreases 
with diameters above six inches (20, 22). Sprouting is least from stumps 
cut during the period of active growth and greatest from those eut during 
the dormant season (6, 25). Because of year-to-year variation in seasons, 
STOECKLER (25) related sprouting to phenological development and found 
that cutting when the leaves were nearly full size produced the least vigor- 
ous sprouts. 

The seasonal trend of sprouting vigor is believed to be the result of the 
seasonal fluctuation of carbohydrate reserves (1, 25). Total carbohydrate 
reserves fluctuate in about the same pattern as sprouting vigor, declining 
sharply during spring growth to a minimum in early summer, building up 
to a peak in fall and going through a slight and gradual decline during the 
winter. This trend has been found in nearly every species studied, ineluding 
fruit trees, forest trees, and woody shrubs (12, 14, 18, 24). Aupous (1) re- 
ported the absence of a seasonal trend in the carbohydrate content of buck- 
brush, but this finding is questionable in view of the consistency with whieh 
such a trend has been found in other species. 

Presumably a plant will die if food reserves drop below some critical 
level. In Connecticut annual mowing of brush-invaded pastures for four 
years at different times during the year resulted in nearly complete disap- 
pearance of woody growth from plots cut in June, July, or August while 
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plots cut in winter, April or May showed little change (5). Perhaps the 
treatment could be made more effective in the southern coastal plain where 
the longer growing season might permit more than one annual cutting. 

Although the effects of site, season of cutting, and size of the parent tree 
probably hold in a general way for sweetgum in the southern coastal plain, 
the longer growing season might extend or shift the period of minimum 
sprouting. The presence of the overstory also might influence sprouting 
behavior. Accordingly, a study was begun in the spring of 1947 at the 
Santee Experimental Forest located in the Francis Marion National Forest 
30 miles north of Charleston, South Carolina, to answer the following ques- 
tions: (a) At what stage of plant development is sprouting least vigorous? 
(b) Does the destruction of successive generations of sprouts during a single 
season reduce sprouting vigor? (c) Is sprouting vigor related to the size 
of the parent stem? (d) How is sprouting vigor related to carbohydrate 
reserves? The effects of site quality on sprouting are equally important 
but the means available were not adequate for study of that factor. 


Experimental procedure 
An aggressive understory of nearly pure sweetgum in an old-field stand 
of loblolly pine on a moderately good site was chosen for the study. The 
size of trees used was restricted to less than three inches in diameter at 
breast height. Choice of trees was confined to those of seedling origin when- 
ever possible. 
SEASON OF CUTTING 


For the determination of the period of minimum sprouting, 10 trees were 
cut every two weeks throughout the growing season, from April 28 to Sep- 
tember 15, 1947. At the time of cutting, the stage of development of each 
parent tree was recorded in terms of size and texture of leaves, terminal 
shoot growth, terminal bud formation, and the progress of shoot hardening. 
One year after the parent stem had been cut the sprouts were counted, 
weighed, and measured. 

The time of cutting the parent tree had no effect on the total height, 
total fresh weight, or number of sprouts produced per stump during the year 
after cutting. The relationships between the diameter of the parent tree at 
breast height (d.b.h.) and these sprout attributes were highly significant, 
however, and are expressed by the follo'ying equations: Total height in feet 

2.0 + 14.0 (d.b.h.); Total weight in grams 51.5 + 291.8 (d.b.h.) ; Number 
of sprouts = 4.3 + 6.6 (d.b.h.). 
Much of the variation in total height and weight was the result of differ- 


ences in numbers of sprouts, which were not related to time of cutting. 
Variation from this source is eliminated if the height and weight of the aver- 
age sprout from each stump are used. A regression analysis showed that 
both the height and weight attained by the average sprout in the year fol- 
lowing cutting depended on the date of cutting (stage of phenological devel- 
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opment) of the parent tree. Average height and weight were also related to 
the diameter of the parent tree. Figure 1 shows the effect of parent-tree 
diameter on average height of one-year-old sprouts and the trend of sprout 
height in relation to phenological development of the parent tree at the time 
of cutting. Stumps cut early in May, when the leaves that had emerged 
first were nearly full size, produced the shortest sprouts. This result agrees 
with those of other studies, but the second minimum, in August, has not 
been reported before. Fitting the eurve by the method of least squares 
showed that this late summer minimum is a significant variation in the 
trend. The calculated curve limits the duration of the minimum period to 
about two weeks, although the data in figure 1 show that it actually lasted 





(LEAVES 4, FULL SIZE VISIBLE HARDENING OF CURRENT GROWTH 
? BUD FORMATION 
ACTIVE GROWTH PERIOD | 


PHENOLOGY 


eR STUMP (FEET) 
La) Nn 
N a 


é 


TSP 


<Xeoan 16""3.0" 
PP : gs : Pra 
*\ hts ol 
— 
[eat nae Prt 
7 nee o”- 1.5" Z 


Fae | 
‘eo 


OU 


& 
a 
Ww 
& 

Ss 
zr 
S 
Ww 
x 
ww 


eo Ss ely 





> 


AVE RAC 





= 1 a 1 i 
3 T4 5 T 
JULY AUGUST 
TIME OF CUTTING 





i 15 
SEPTEMBER 











Fic. 1. Average height of one-year-old sprouts in relation to diameter and time of 
cutting of parent tree. 


nearly six weeks for the year in question, beginning shortly after terminal 
buds were formed. Mortality of stumps was negligible. 


CUTTING SUCCESSIVE GENERATIONS OF SPROUTS 


To study the effect of cutting successive generations of sprouts from the 
same stump, two cutting treatments were replicated six times within two 
diameter classes (0.0 to 1.5 inches, and 1.6 to 2.0 inches) on three initial 
cutting dates. Initial cutting dates were four weeks apart beginning April 
28. On each initial cutting date 24 trees (12 in each diameter class) were 
cut; eight weeks later the sprouts were cut; after a second eight-week period 
the sprouts on 12 stumps (six in each diameter class) were cut again. The 
trees were chosen at the start, and treatments were randomly assigned. The 


interval of eight weeks between cuttings on the same stump was chosen after 
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observing the growth of sprouts from the first cuttings on April 28. One 
year from the date of final cutting for each stump the sprouts were counted, 
weighed, and measured. 

The dates of the final cuttings coincided with those for the season-of- 
cutting experiment, so that one-year-old second and third generation sprouts 
could be compared directly with one-year-old first generation sprouts. Third 
generation sprouts from stumps cut initially in May and June made most of 
their growth the following year; in fact, most third generation sprouts from 
the June cutting did not arise till the next spring. The mean values for the 
different levels of the three main classifications are presented in table I with 
significant differences marked by asterisks. As in the season-of-cutting ex- 
periment, stumps of larger trees produced both larger and more numerous 
sprouts. 

TABLE I 
SPROUT SIZES AND CARBOHYDRATE CONTENT ONE YEAR AFTER FINAL 
CUTTING BY FACTOR LEVELS (SUCCESSIVE CUTTINGS). 


Carbohydrate 


Sprouts per stump content 


Factor levels , - 
Tota Total Average Average 
Number height weight height weight 


Stump Root 


ft. gm. ft. gm. mg./gm. mg./gm. 


Diameter 0.0-1.5 86* 11.71* 162* 1.40* 19.8* 33.6 76.0* 
of parent 1.6-3.0 15.2* 26.11* 418* 1.72* 28.8* 28.8 44.8* 
tree (inches) 


Number of 13.0 20.95 326 1.62 23.6 27.6 56.7 
sprout 12.2 19.69 333 1.63 28.6* 30.0 57.1 
cuttings 10.6 16.09 210 1.44 20.6* 33.6 67.3 


Time of April 28 10.6 17.61 345 1.69 33.6** 24.6% 46.1* 
initial May 26 11.8 18.60 253 1.47 18.7* 30.0 56.7 
cutting June 23 13.3 20.53 271 1.52 20.5* 36.6* 78.3* 


*Vertically aligned asterisks indicate significant or highly significant differences. 

Whether the number of sprout generations previously destroyed affected 
the number and size of sprouts in the final crop is somewhat uncertain. The 
one significant difference, that difference between the average weights of 
second and third generation sprouts, can be traced directly to exceptionally 
heavy second generation sprouts from a single large stump of the series 
started on April 28. The number, total height, average height, and total 
weight of third generation sprouts also were less than those of second genera- 
tion sprouts, however, although the differences were too small to be signifi- 
cant. In view of the results achieved by Brown (5) with annual mowing 
of brush-invaded pastures, it is possible that there was a real trend toward 
lower vigor in successive generations of sprouts from the same stump. 

The effect of time of initial cutting seems to have been expressed in the 
form, rather than in the number or height, of sprouts. Although the exeep- 
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tionally high value mentioned above inflated the average weights of sprouts 
from the April 28 cuttings, the other sets begun on April 28 (all first and 
third generation sprouts and second generation sprouts from smaller stumps) 
were also heavier. Consequently, there is no reason to doubt that sprouts 
from cuttings started on April 28 were significantly heavier than sprouts 
from cuttings started later. Since the trend in height of these same sprouts 
was neither significant nor well-defined, the differences in weight suggest 
that the sprouts from the May 26 to June 23 cuttings were more slender than 
those from the cuttings started on April 28. 
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Fic. 2. The effect of number of cuttings, time of cutting, and parent-tree diameter 
on average height and total weight of one-vear-old sprouts 


The interaction of the number of cuttings and time of initial cutting on 
the number of sprouts was also significant. In the series started on May 26, 
the number of sprouts increased with each additional cutting while in the 
series started on April 28 and June 23 the number of sprouts tended to 
decrease. There seems to be no reason why the number of sprouts should 
vary in that manner. 

Figure 2 A shows the trends in average height on the same basis, although 
differences among them did not quite reach the 5% level of significance. 
Comparison of figure 2A with figure 1 suggests that the number of sprout 
generations previously destroyed reduced sprouting vigor when cutting was 
started near the end of the period of active terminal growth or later but not 
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when it was started before that time. Second and third generation sprouts 
(fig. 2A) from cuttings started on April 28 were as tall as first generation 
sprouts (fig. 1) but third generation sprouts from cuttings started after 
April 28 were shorter than first generation sprouts. They were as tall as 
first generation sprouts from cuttings made at the time of minimum sprout- 
ing vigor, however (fig. 1). The comparison between figure 2 A and figure 1 
also suggests that the variation among the trends in average height (inter- 
action of number of cuttings and time of initial cutting on average height of 
one-year-old sprouts) is of greater significance than the statistical tests 
indicate. 

The interaction of parent-tree diameter and number of sprout cuttings 
on total weight of sprouts per stump was also significant and is shown 
graphically in figure 2A. Total weight of sprouts from parent trees of 
larger diameter followed a definite downward trend with number of cuttings 
while sprouts from smaller parent trees followed no well-defined trend, 
Mortality among stumps of the successive cuttings was negligible. 


CARBOHYDRATE CONTENT 


When the sprouts from treated trees were harvested one year after the 
final cutting, samples of stumps and roots were taken to determine the 
carbohydrate content after sprouting. When the sprouts from the seasonal 
cuttings, for which 10 trees were cut every two weeks during the growing 
season of 1947, were harvested in 1948, five of the 10 stumps were randomly 
selected and two samples were taken from each, one close to the point of 
sprout origin and one from the root close to but distinetly below the root 
collar. Samples were taken in the same way in 1948, one year after the date 
of final cutting, from all stumps and roots of the successive cuttings, for 
which three sets of 24 trees each had been treated during three periods 
beginning four weeks apart in 1947. 

During the same year, 1948, a series of stump and root samples for 
carbohydrate determinations were taken from uncut trees to furnish control 
data. The original plan did not provide for a study of food reserves and no 
samples for carbohydrate determination were collected from check trees in 
1947, when the initial cuttings were made. Collection of check samples the 
following year when the one-year-old sprouts from treated stumps were har- 
vested was believed to be satisfactory, however, for, while the level of carbo- 
hydrate concentration may vary from year to year, its seasonal trend, judg- 
ing from other studies, remains relatively constant. As quickly as possible 
after collection, usually within two hours, the samples were placed in an 
oven at 70° C, dried to constant weight, and stored to await carbohydrate 
analysis. The samples were ground in a Wiley mill to pass a 20-mesh sieve. 
One-gram portions were used in the analysis. 

Carbohydrates were extracted by a modification of the enzyme digestion 
method deseribed by Heptine (11). The essential steps in that method are 
(a) the extraction of resins and oils with ether, (b) the digestion of stareh 


to sugars by Takadiastase, (c) the removal of tannins and gums by lead 
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acetate clearing, and (d) the acid hydrolysis of all sugars to glucose. A series 
of trials showed that the ether extraction of resins and oils was not necessary 
with sweetgum. Glucose was determined by the Shaffer-Somogyi method as 
described by Heinze and MurNerEk (10). 

The total, or absolute, quantity of carbohydrates as well as the concen- 
tration must be determined to locate the principal storage tissue. In addi- 
tion, the weights of bark and wood must be in the same ratio as they are in 
the intact tree. Samples collected throughout the growing season accord- 
ingly were treated, before grinding, as follows: First they were trimmed to 
symmetrical sectors of the stem cross-section (the whole cross-section of 
smaller stems was used); then they were weighed; the bark was removed 
and saved; and finally the wood was weighed again. One-gram samples of 
wood and bark from both stems and roots were analyzed. The results are 
presented in table I]. The separation by diameter classes was made because 
the ratio of bark to wood decreases with increasing diameter. The econcen- 
trations were as follows: Stem wood, 0.0285 gm. sugar/gm.; Stem bark, 


TABLE II 


PROPORTION OF TOTAL. CARBOWYDKATE RESERVES OF STEM AND 
ROOT FOUND IN WOOD AND BARK OF SWEETGUM. 
Parent-tree Stems Roots 
dix > 
ened Wood Bark Wood Bark 


In, % % % % 
74.4 25.6 91.6 8.4 
79.0 21.0 93.1 6.9 
81.0 19.0 91.4 8.6 


0.0694 gm. sugar/gm.; Root wood, 0.1170 gm. sugar/gm.; Root bark, 0.0787 


gm. sugar/gm. The small difference between stem bark and root bark was 
not significant, but all other differences were highly significant. 

Although it was impractical to obtain stump and root weights to com- 
pare the total amounts of carbohydrates, it can be stated that the roots 
weighed more than the stumps in all cases. The root wood, therefore, con- 
tained by far the greatest amount of carbohydrate reserves. 

In one study of sugar maple, with larger trees than those in this study, 
it Was found that outer stem wood contained more carbohydrates than inner 
wood (14). Accordingly, some of the sweetgum samples were seleeted and 
divided into inner and outer portions, the outer portion including the growth 
of about two years. The differences in carbohydrate concentration were 
small and not significant. Apparently these trees were so young that the 
whole stem and root were still involved in transformation and translocation 
of carbohydrates in contrast to the larger sugar maple trees in which the 
differences probably were related to the inactivation of older stem wood. 

Since the bulk of reserve carbohydrates are located in the wood (table 
II), the bark was not analyzed in the seasonal and successive cuttings or in 
the uncut trees. Figure 3 shows the seasonal trends of carbohydrate concen- 
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trations in the roots and stems of uncut trees and of the seasonal cuttings 
after sprouting. The trend for roots of uncut trees only was significant. 
There was no difference in carbohydrate concentration in roots or stems 
between trees of different diameters in either the uncut or the treated sets. 
Larger trees, then, contained the greater absolute quantity of carbohydrates. 

The difference between the trends for uncut and treated trees was caused 
by sprout growth since the values for the uncut trees are, in fact, an esti- 
mate of what the treated trees would have had if they had not been cut. 
Root growth probably required the same amounts of carbohydrates in both 
cases unless some roots of the treated trees died after cutting. In that case 
the differences in figure 3 are less than the amounts of carbohydrates actu- 
ally used by sprout growth. 
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Fic. 3. Carbohydrate content of roots and stems of sprouted trees one year after 
cutting and of uncut trees. 


Carbohydrate contents of stumps and roots of the successive cuttings are 
shown in table I. Roots of smaller trees had a significantly higher coneen- 
tration after sprouting than those of larger trees. Carbohydrate concentra- 
tions in both stumps and roots were significantly higher for later initial 
cutting dates. 

The interaction cf number of cuttings and time of initial cutting on the 
carbohydrate concentration in the roots is shown in figure 4. The inter- 
action was statistically significant, but the data showed that the difference 
responsible for significance should be attributed to chance rather than to 
treatment. The high value for single cuttings (0) made on June 23 was 
raused by an excessively high carbohydrate concentration in only one root. 
The main effect, number of cuttings (see table I), might have been signifi- 
‘ant if the value in question had been of the same order of magnitude as the 
two earlier single cuttings. 
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Fic. 4. The effect of number of cuttings and time of cutting on carbohydrate con- 
tent of roots one year after final cutting. 


Discussion 


If the vigor of sprouting, expressed by the size attained by sprouts in 
one year, depended on the amount of reserve carboliydrates, larger stumps 
should produce larger sprouts because of the greater amount of reserve 
carbohydrates. This expectation implies a level of carbohydrate concentra- 
tion that is critical for sprout growth. Considering also that the greater 
amount of foliage of the larger sprout clumps should produce a greater 


amount of carbohydrates, the carbohydrate concentration in the roots after 


growth of sprouts should be at least as high in the larger as in the smaller 
stumps. With respect to the change in size of sprouts in relation to the time 
of cutting, one would expect sprouts to increase constantly in size during the 
period of accumulation because carbohydrate concentration increases con- 
stantly during that period. These expectations apparently are realized with 
respect to diameter in the experiment on the season of cutting (figs. 1 and 3). 
In the successive cuttings, however, where the effeet of diameter was deter- 
mined more precisely, larger stumps contained a lower residual carbohy- 
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Fic. 5. The effect of number of cuttings and parent-tree diameter on carbohydrate 
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drate concentration than smaller stumps but produced larger and more 
numerous sprouts (table I). Seasonally, sprout growth and carbohydrate 
concentration were not well correlated: carbohydrates increased constantly 
during the accumulation period while sprout growth fell to a second mini- 
mum. The inverse relationship between sprout growth and carbohydrate 
content is shown in striking fashion upon comparing the effect of number of 
sprout cuttings on the total weight of sprouts from stumps of different sizes 
(fig. 2B) with the carbohydrate content of the roots after sprouting (fig. 5) 
and is also evident upon comparing the trends of average sprout heights in 
figure 2A with their root carbohydrate content after sprouting in figure 4. 

It is clear, therefore, that under the conditions of these experiments, 
varbohydrates did not control the growth of sprouts but the amount of 
sprout growth determined the amount of carbohydrates used. Data recorded 
by several other workers support this conclusion; for example, Fincn (8) 
found that in regularly bearing apple varieties terminal growth was greater 
and carbohydrate content was less than in biennially bearing varieties in the 
off year while shyly bearing varieties were intermediate in both respects. 
In fruit trees (12, 26) the seasonal behavior of carbohydrates indicates that 
they are used in whatever amounts needed and the soluble products move 
whatever distance is required to reach the growing regions. There seems to 
be no obstacle to exhaustion of reserve carboliydrates throughout the plant 
to satisfy growth requirements, yet it has been demonstrated that food re- 
serves within a short distance of the growing points usually suffice (7). 
Apparently under normal conditions, lack of carbohydrates usually is not 
the limiting factor in growth, but even under the most drastie treatments 
imposed in this study carbohydrates were not the limiting factor in the size 
sprouts attained. Had the treatments been continued in following years, 
carbohydrates might have become limiting. 

Nitrogen, mineral nutrients and moisture supply are all, at times, critical 
in the growth of a plant. Certain facts indicate, however, that they, also, 
are not important in determining the seasonal trend of sprouting. Several 
facts about nitrogen metabolism should be noted in this respect: the carbo- 
hydrate—nitrogen ratio is more closely related to growth than nitrogen alone 
(17); meristematic regions maintain a higher nitrogen level than others 
(15); and the end of active growth is regarded as the result of carbohydrate 
accumulation (28), that is, the increase in the C/N ratio. But sprouts grow 
during the same season from the stumps cut after terminal growth of ihe 
parent trees has stopped, yet at this time the C/N ratio is higher in the 
stump than in the apical meristems. Evidently something other than earbo- 
hydrates or nitrogen determines the seasonal trend of sprouting vigor. 

Variations in mineral nutrients or moisture supply also fail to provide 


a satisfactory explanation. The seasonal trend observed in this study is 


essentially the same as that recorded for many other species in many differ- 
ent places under what must have been greatly different soil moisture and 
fertility conditions. 
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A better explanation may be that the mechanism of apical dominance 
also controls the seasonal trend of sprouting vigor. Auxin inhibits the 
sprouting of lateral buds (23). It is produced by growing buds and young 
leaves and moves down the stem, where cambial activity follows its prog- 
ress (3, 4). Its production in terminal buds follows a seasonal trend from 
an indetectible amount during the dormant season to a peak just before the 
most rapid growth in length, appearing first as the terminal buds begin to 
swell in the spring (3). Conceivably, then, the higher the auxin concentra- 
tion in the stump of a tree at the time of cutting, the less vigorous the 
sprouts. 

Beeause little is known about the relation of auxin to dormant buds, 
several assumptions must be made in accepting this explanation. In the 
portion of the tree stem where dormant buds are effectively suppressed, the 
auxin concentration must remain above the critical inhibitory level through- 
out the period of favorable growing conditions; the susceptibility of dor- 
mant buds to auxin inhibition must vary, otherwise all sprouts from cuttings 
made during the growing season would arise under the same degree of inhibi- 
tion and would all be the same size; and the degree of inhibition under which 
sprouts arise must persist and affect their growth for at least a year. Tui- 
MANN (27) suggested that roots, stems, and buds all react similarly to auxin 
but at different concentrations, the optimum for stems being much higher 
than for buds; consequently it is possible that there might be seasonal differ- 
ences in response as well. One case of apparent persistence of a hormone 
effect has been reported: ApPLEMAN (2) found the vigor and yield of potato 
plants related to the size of the seed piece and attributed it to a growth hor- 
mone produced in an amount proportional to the size of the seed piece. 

The second minimum of sprouting vigor may be related to changing day 
length. The phenological development of many southeastern forest tree 
species seems to be partly controlled by photoperiod (13, 16). If cessation 
of growth in length and terminal bud formation is brought about by shorten- 
ing of the day, the sprouting of dormant buds would seem to be effectively 
checked even if auxin concentration dropped below the critical level. Upon 
cutting, the dormant buds in the stump would immediately gain the benefit 
of all of the disproportionately large root system and, since response to 
photoperiod can be modified by nitrogen supply (21), might be able to 
sprout and grow. The influence of suddenly increased nutrients would be- 
come progressively less until no longer effective as the days shortened. In 
this study most of the sprouts from stumps cut after the middle of August 


did not grow till the following season. This explanation requires the assump- 


tion that the inhibition exerted by shortened photoperiod also persists for at 
least a year. 

While the proposed explanation is admittedly highly speculative, it is 
nevertheless probable that sprouting vigor is controlled by a hormone mecha- 
nism. STOECKLER (25) made double cuttings of aspen, first at a height of 
36 inches and then at 12 inches after 3 to 24 hours. Stumps eut onee pro- 
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duced many more sprouts than twice-cut stumps. Double cuttings with a 
three-hour interval produced fewer sprouts than those with longer intervals. 
These time intervals hardly permit the operation of anything but a hor- 
mone, or hormones. The results suggest positive, stimulating action rather 
than a negative one but it is quite likely that two or more hormones of dif- 
ferent action affect sprouting vigor. If apical dominance is indeed a hor- 
mone effect, the successive cuttings in this study furnish another suggestion 
that hormone action is involved in sprouting vigor. Stumps eut once pro- 
duced a total of 13 sprouts per stump; when sprouts were cut back once, a 
total of 22 sprouts was produced; when sprouts were cut back twice, a total 
of 30 sprouts was produced. Apparently buds that sprouted first immedi- 
ately suppressed the remaining ones. 

The positive relation between diameter of the stump and number of 
sprouts results from the greater opportunity for the formation of secondary 
dormant buds with larger diameter. Sweetgum does not seem to produce 
adventitious buds readily. Among all the stumps in this and another related 
study only one produced sprouts from what were unmistakably adventitious 
buds. There are not enough dormant buds formed during normal growth 
to account for the number of sprouts produced, but secondary dormant buds 
grow from bud initials in the axils of the seales of the parent bud (9, 19). 
Sprouts were frequently observed arising in horizontal rows in precisely the 
way Hanne (9) found secondary dormant buds arranged in pear. This 
lateral arrangement also reduces the tendency for buds that sprout first to 
inhibit others in the cluster, and a larger stump tends to produce more 
sprouts because a greater percentage of buds are laterally arranged. 

The effect of parent-tree diameter on the size of sprouts is, most likely, 
the result of inereased moisture and nutrients. Extension of lateral roots is 
more or less proportional to stem diameter, and the roots, spreading in all 
directions, tend to occupy a circular area. The roots of a two-inch tree, 
then, occupy not twice as much area, but more nearly four times as much 
as the roots of a one-inch tree, the area occupied increasing as the square of 
the relative increase in diameter rather than as a linear function of it. 
Sprouts from larger stumps therefore have relatively more moisture and 
nutrients available than those from smaller stumps and thus grow larger. 
This explanation is not in contradiction to the preceding discussion of possi- 
ble hormone control of sprouting vigor. The seasonal trend, controlled by 
the postulated hormone mechanism, holds for all diameters, but at a higher 
level for larger diameters because of the greater supply of moisture and 
nutrients. The same holds true for the effect of site quality reported by 


other workers. Differences in sprouting vigor between sites are probably 


caused largely by moisture and nutrient differences but seasonal variations 
on a given site are attributable to the hormone system. 
Summary 


A study of sweetgum was made to determine (a) the time of least vigor- 
ous sprouting during the growing season in terms of phenological develop- 
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ment, (b) the sprouting vigor in relation to the size of the parent tree, (¢) 
the effect on sprouting vigor of the destruction of successive generations of 
sprouts during the same growing season, and (d) the sprouting vigor in 
relation to carbohydrate reserves. 

The seasonal trend of sprouting vigor (size attained by one-year-old 
sprouts) was studied by cutting trees at two-week intervals during the grow- 
ing season. Another group Was treated in such a way that first, second, and 
third generation sprouts could be compared at different times during the 
growing season. Observations of number, height, and tresh weight of sprouts 
were made one year after final cutting in all treatments. Diameter at breast 
height of all trees was recorded before cutting. When final observations 
were made, stump and root wood samples were collected from all treated 
trees and from uncut trees for carbohydrate determinations. 

Sprouting vigor, expressed as the height or weight of one-year-old sprouts, 
followed a pronounced trend by date of cutting with two minima, the first 
when leaves that had emerged earliest reached full size and the second dur- 
ing the late summer hardening period. Sprout size was directly related to 
parent-tree diameter, large trees (1.5 to 3.0 inches) producing larger sprouts 
than small trees (0.0 to 1.5 inches). 

The number of sprouts did not follow a seasonal trend but was depend- 
ent on diameter of stumps (parent-tree diameter), large stumps producing 
more sprouts than small stumps. 

The destruction of suecessive generations of sprouts from the same stump 
during the same growing season apparently caused a decline in sprout vigor. 
Second and third generation sprouts from final cuttings made before Sep- 
tember 15 were as tall as first generation sprouts, but third generation 
sprouts from final cuttings made on or after September 15 were much shorter 
than first generation sprouts. Sprouts from cuttings started on May 26 and 
June 23 were lighter in weight than those from cuttings started on April 26 
but were not significantly shorter, suggesting that they were more slender. 
Sprouts from larger stumps decreased in total weight with number of genera- 
tions previously destroyed while those from smaller stumps did not. 

The study of carbohydrate reserves showed that, under the conditions of 
these experiments, the size and number of sprouts was not dependent on 
carbohydrate content. 

The possible roles of nitrogen, other mineral nutrients, moisture, and 
hormones in determining the seasonal trend were discussed. It seems most 
likely that a hormone system related to that controlling apieal dominance 
is the chief factor governing the seasonal trend of sprouting vigor. 
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son, While they were, respectively, Director, and Chief of the Division of 
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P. J. Kramer, Botany Department, Duke University; Dr. C. F. Korstian, 
Dean of the School of Forestry, Duke University; and the staff of the Cen- 
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Iixtensive plant damage is caused by smog (air pollutants) in the Los 
Angeles area. The unique symptoms, silvering and bronzing of the lower 
leaf surfaces and in more severe cases necrosis, have already been described 
by Mippieron et al. (4) and Haacen-Smir ef al. (2). The latter authors 
grew certain smog-sensitive plants in the Earhart Plant Research Labora- 
tory (6) in smog-free air and used these indicator plants to establish the 
nature of the toxic substances in smog. They were able to show that the 
vapors of certain unsaturated hydrocarbons when combined with ozone or 
nitric oxide form a synthetic smog which produces plant injury identical to 
natural smog damage. In view of the economic importance of smog injury 
to plants, studies were then undertaken to determine the physiological action 
of synthetic smog on plants. Thus the investigations beeame independent 
of occurrence of natural smog. They include studies on the effeet of environ- 
mental and certain other conditions on the growth of smog-treated plants 
and the influence of smog on the rate of transpiration. 


Materials and methods 


Visual estimation of damage proved insufficient for physiological studies, 
and therefore, a more quantitative method for estimation was developed. 
One of the symptoms of smog injury, a decrease in total growth of plants 
without visual damage, provided a basis for the assay, and quantitative 
results were obtained by measuring this hidden damage. 

Uniform tomato plants (Lycopersicon esculentum var. San Jose Canner) 
were used for the assay. Seeds were planted in vermiculite approximately 
3 cm. below the surface, in plastie squares measuring 10.5 « 10.5 x 6.5 em. 
Approximately 40 seeds were sown in each square, and the squares were 
placed on movable trucks in a constant temperature dark room at 26° C. 
From planting until harvest, the squares were watered once or twice daily 
with Hoagland’s nutrient solution. When the seedlings broke the surface, 
they were moved into a greenhouse (26° C day and 20° C night) with natu- 
ral light and were ultimately thinned to 10 plants per square. Two to three 


days prior to a test, the plants were moved to a constant temperature room 
with artificial light. Air in this room was filtered through a series of three 
carbon filters and was thus maintained completely smog-free (2). Tem- 
perature was kept between 20 and 22° C and the light intensity was 1000 
foot-candles. 
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Plants 14 to 21 days old from the time of planting were used for the 
assay. Five, 10 or 15 squares were used for each treatment. Fumigation 


Was carried out in a constant temperature room identical to the growing 
room. Synthetic smog was produced by combining ozone (0.1 p.p.m.) with 
vapors of 1-n-hexene as described by Haacen-Smir ef al. (2). Plants were 
subjected to daily fumigations and were then returned to the smog-free 
room. Equal numbers of untreated plants were kept in the smog-free room 
as controls. Unless otherwise stated, the plants were well watered just be- 
fore each fumigation. As a result of preliminary tests, a one-hour fumiga- 
tion performed daily for six days was chosen because it gave the greatest 
growth decreases. On the seventh day the plants were harvested, and the 
fresh and dry weights of tops and roots were recorded. In one experiment, 
in addition to the usual harvest data, heights and leaf areas of plants were 
recorded. For leaf area measurements, leaves were placed on blueprint 
paper between two Plexiglas plates and exposed for five minutes to light 
from a photoflood lamp placed about 30 em. above the leaves. The prints 
were developed with cold water, dried, and the areas measured with a pla- 
nimeter. Standard error of the mean was calculated for all data. 

Stomatal observations were made on living plants with an Ultrapak 
microscope. In one case epidermal strips were also placed in vials of abso- 
lute aleohol and these strips were observed under a microscope. 

Pea section tests were carried out with etiolated pea seedlings (Pisum 
sativum var. Alaska) seven days old, grown at 26° C and receiving no light 
except for short daily intervals of red light when the plants were watered. 

Water uptake of tomato plants was measured by placing whole plants in 
a potometer in nutrient solution. The plants were grown as described above 
for assay plants; but two days before the test, the plants were removed from 
vermiculite, the roots washed, and the plants placed in Hoagland’s nutrient 
solution. On the day of the test, these plants were transferred to a potome- 
ter. The stems were inserted in a rubber stopper, which had a hole approxi- 
mately the size of the stem and was slit to allow placing of the stopper 
around the stem. Vaseline was applied in the slit and around the hole of the 
stopper. The roots of the plants were then immersed in the cup of the 
potometer which had been filled with dilute nutrient solution. During fumi- 
gation, a small telescope was used to make potometer readings through a 
window in the smog chamber. 

Transpiration was measured by the weighing method. Individual tomato 
plants were grown in plastic cups in vermiculite under the conditions de- 
scribed above for assay plants. At the beginning of the experiment each 
dish was covered with four layers of wax paper fastened down by scotch 
tape. Holes at the base of the cups were likewise covered with seotch tape. 
The covers were made air tight around the plant stems by application of a 
mixture of paraffin wax and vaseline. Measured amounts of distilled water 
were added each day to bring the plants and cup back to its approximate 
original weight. For this a volumetric pipette was used and water was 
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introduced through the basal holes in the cup. Weighings were made at 
least four times daily on a balance modified as follows for transpiration 
measurements. The left pan was removed and replaced by a wire which 
extended through a hole in the base of the balance to an enclosed case below. 
A loop in the wire supported the plastic cups. Counter weights were used 
on the right pan. 


Results 
({ROWTH STUDIES 


In order to learn more about the mode and seat of action of smog, a 
study was made of the effect of certain treatments on the growth response 
of tomato plants to smog. For these studies, unless otherwise stated, the 
assay method described above was used to measure the effeet of the various 
treatments. 

Initial experiments were performed on plants which had been grown 
according to the normal procedure already described. Results shown in 
table I are typical of those obtained in many such experiments. Plants 

TABLE I 


EFFECT OF SMOG ON THE GROWTH OF TOMATO PLANTS. 
EACH FIGURE AVERAGE OF 50 PLANTS. 


I'resh Dry weight 
Treatment Height Leaf area weight - . 
tops Roots Tops plus roots 


cm. cm.* gm. 


Control 14.92 0.32 7.02 +0.12 23.02 + 0.77 
Smog 12.54 t 0.31 5.02 £0.31 16.80 t 1 


fumigated daily in the mid-morning in the light displayed significant growth 
decreases when compared with unfumigated plants. This decrease in growth 
was often apparent when no other symptoms of injury, such as necrosis, sil- 
vering, or bronzing were visible and therefore can be named hidden damage. 
The results presented show highly significant differences between fresh 
weights of treated and untreated plants, but differences in dry weights which 
are only barely significant. In subsequent similar experiments, dry weights 
of tops were occasionally quite significant (table Il, exps. 4B, 5B, and 6A), 
and in other experiments were of questionable significance (table II, exps. 
2B,3B, and 7A). In addition to the decrease in fresh weight, it is seen in 
table I that leaf areas and total heights of the plants were also reduced by 
smog treatment. The dry weights of roots of control and smog-treated 
plants consistently showed no differences. 

Stomatal observations were made before, during, and after fumigation 
on the plants used in the above experiment. Just prior to the initial fumi- 
gation and after the plants had been subjected to several hours of light, the 
stomata on the upper leaf surfaces of all plants were closed; those on the 
lower surfaces were wide open. Stomata of plants not subjected to smog 
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remained the same during and for at least one hour after the period the 
other plants were fumigated, and each day were in approximately the same 
condition. Stomata of fumigated plants closed as soon as fumigation was 
initiated and remained closed for at least one hour after fumigation was 
terminated. Observations made 15 minutes after fumigation began showed 
all stomata of the treated plants to be closed. Before the second fumiga- 
tion, the stomata of the lower surfaces of the leaves of treated plants were 
either closed or open only slightly. By the third day, most of the stomata 
on the lower surfaces of the leaves were closed before treatment. These 
observations were made both with the Ultrapak microscope and with epi- 
dermal strips, and further observations in similar subsequent experiments 
confirmed these results. Under the conditions of growth used in these studies, 
stomata of the upper leaf surfaces of tomatoes were always closed. In the 
remainder of the paper, therefore, reference to the condition of the stomata 
under different environments refers only to stomata of the lower leaf surfaces. 

Following establishment of the above responses of tomatoes grown and 
treated under normal conditions, several experiments were designed to study 
the effect of altered environments on smog response. The first of these ex- 
periments was concerned with the effeet of light, and results of these studies 
showed that light does affect the response of tomato plants to smog. In 
several experiments, each involving 100 plants per treatment, the difference 
in growth between plants fumigated in the dark and plants not fumigated 
but given the equivalent dark period was slight and insignificant. As may 
be seen from the data presented in table I], experiments 1, 2 A and 2B, this 


difference was obtained both when the plants were fumigated immediately 
following the normal 12-hour dark period and when plants were fumigated 
following approximately one and one half hours of light. Thus in experi- 


ment 1, table II, fumigation was performed in the dark following light ex- 
posure, and differences in fresh and dry weights of control and smog plants 
were negligible. In experin ent 2A, table II, plants fumigated in the dark 
at 8 a.M. showed no decrease compared with the controls, while fumigation 
at 11 a.m. (table 11, exp. 2B) in the light resulted in significant decreases. 
In a third experiment, smog treatment was carried out at 8:30 A.M. in the 
light. As shown in experiments 3A and 3B of table Il, fumigation at this 
hour decreased growth less than comparable fumigation at 1:30 p.m. Sto- 
mata of control plants of both groups in experiments 3A and 3B were 
closed when observed immediately after the 12-hour dark period and opened 
within one and one half hours after the start of the light period. On the 
second day of fumigation and for the remainder of the experiment, stomata 
of treated plants were closed. 

In view of the above results, it became of interest to determine the effect 
of sucrose spray on the response of tomato plants to smog. An experiment 
was accordingly initiated in which half of the plants were sprayed daily 
with sucrose prior to fumigation in the light. Two sets of control plants, 
a sucrose-sprayed and an unsprayed series, were maintained in the smog- 
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free room. Solutions of 1 and 10° sucrose, each containing approximately 
2 ml. per liter of Drene as a wetting agent, were used to spray plants on the 
first two and last four days respectively. Since no attempt was made to 
remove the adhering sucrose at the time of harvest, the differences between 
sucrose-sprayed and non-sprayed plants as seen in table IL, experiments 4 A 
and 4B, eannot be regarded as significant. However, the response of the 
sucrose-sprayed plants to smog as indicated by growth decrease was less 
than for plants not sprayed with sucrose. The data indicate that sucrose 
spray may exercise a protective action against the injurious effect of smog. 

Since the effeet of smog seemed to be closely related to growth, several 
experiments were carried out to study the effeet of B-naphthoxyacetie acid 
(NOA) and 2,4-dichlorophenoxyacetic acid (2,4-D) on the response of plants 
to smog. In the first of these, tomato plants were watered with 25 ml. of a 
solution of NOA (50 p.p.m.) on the first two days of the six-day smog test. 
Treatments with NOA were discontinued after two days when the plants 
showed initial formative effects of the growth substance. Results of the four 
treatments, NOA, NOA plus smog, control, and smog, are reported in table 
II, experiments 5A and 5B. The response of the NOA-treated and untreated 
tomato plants to smog did not differ appreciably except in the case of the 
dry weights of the roots of fumigated and non-fumigated plants. A marked 
decrease was observed for NOA-treated fumigated plants, while in contrast 
there were no significant differences between the weights of the roots of 
fumigated and non-fumigated plants not treated with NOA. 

Two further tests were carried out to determine the effect of smog on the 
elongation of etiolated pea stem segments treated with 2,4-D. On the 
seventh day after planting, half of a group of pea plants were moved to 
the fumigation room and were given two hours of smog treatment in the 
light, and half of the plants were moved at the same time into the smog-free 
room in the light for two hours. Immediately following fumigation, epicoty] 
sections were cut from uniform plants from just below the unexpanded ter- 
minal bud. Initial measurements were then made with a dissecting micro- 
scope fitted with an ocular micrometer. Ten cut sections were placed in 
each Petri dish containing 25 ml. of the test solution, 2,4-D (10 p.p.m.), or 
distilled water. Each treatment as indicated in table IIT was run in dupli- 
cate so that 20 sections were used for each treatment. Dishes were placed 
in the smog-free room for 24 hours after which the sections were again 
measured. As can be seen in table III, the sections treated with 2,4-D and 
smog were a little shorter than those treated only with 2,4-D, but the sig- 
nificance of the difference is questionable. 


In a second pea section test, pea sections from etiolated pea plants which 
had not been previously fumigated or given white light were floated in open 
Petri dishes containing the test solutions described above. Half of these 
were treated with smog for two hours in the light, half were kept as controls 
in the smog-free room in the light. All dishes were covered after the two- 
hour smog period and were left for 24 hours in the smog-free room. Meas- 
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TABLE Ill ° 
EFFECT OF SMOG ON THE RESPONSE OF ETIOLATED PEA-SECTIONS TO 2,4-D. 
EACH FIGURE REPRESENTS THE AVERAGE OF 10 VALUES. LENGTHS 
ARE IN ARBITRARY UNITS AS DETERMINED BY A 
NON-CALIBRATED OCULAR MICROMETER, 


Initial length 


Final length 


Treatment Lot 


Control Smog Control Smog 
Distilled 
water 


2,4-D 


4.56 + 0.04 
4.52 + 0.03 


6.19 + 0.03 
6.20 + 0.02 


4.55 + 0.04 
4.61 + 0.05 


6.31 + 0.07 
6.31 + 0.07 


3.87 + 0.02 
3.88 + 0.02 


3.86 + 0.02 
3.87 + 0.02 


3.85 + 0.02 
3.87 + 0.02 


3.86 + 0,02 
3.86 + 0.02 


urements then made showed that 
response of the sections to 2,4-D. 


the smog treatment did not effect the 

Observations made in the field suggested that smog damage was in some 
way related to the amount of water available to the plants at the time of 
smog attack. Damage proved to be much more severe if plants had been 
irrigated prior to the smog attack. These observations suggested that 
studies on the effect of water relations on smog damage might prove fruitful. 
Accordingly, tomato plants were watered once daily just before the fumiga- 
tion period with measured amounts of nutrient solution. Half of the plants 
(group I) received an ample water supply, 100 ml. daily; half (group I) 
received a limited supply, 25 ml. or less daily. Plants in the latter category 
showed no signs of wilting for the duration of the experiment. At the termi- 
nation of the experiment these plants, both control and fumigated, were 
smaller than the comparably treated plants of group I. In two different 
experiments (table I], exps. 6A and 6B, 7A and 7B), growth of fumigated 
plants of group IT was not significantly less than control plants of the same 
group. However, fumigated plants of group I when compared with their 
controls displayed the expected decrease in growth. Stomata of control 
plants of group IT opened each day later than those of group I and the final 
width attained was always less than group I. Stomata of treated plants 
however were uniformly closed following the first fumigation and for the 
duration of the experiment. 


‘TRANSPIRATION STUDIES 


To supplement the data obtained above in studies on the effeet of water 
relations, the effect of smog on water uptake of tomato plants was deter- 
mined in two potometer experiments. Rates of water uptake of four and 
three tomato plants respectively were measured, and for each experiment two 
plants were placed in the fumigation room and one or two plants in the com- 


parable smog-free room. After one hour, when the rates were stable, the 


fumigation was initiated and was continued for two hours. 


made for at least an hour after fumigation was discontinued. 


using four plants, was begun at 1:30 p.m. and experiment 


plants, at 11 A.M. 


Readings were 


Experiment 1, 


9 


with three 


In both experiments, marked decreases in the rate of 
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water uptake were observed 20 to 30 minutes after fumigation was started. 
In experiment 1 the rate of water uptake for treated plants dropped from 
original rates of 2.94 ml. per hour to 1.44 and 1.38 ml. per hour. Rates of 
control plants in the same interval dropped only from 4.26 and 4.20 ml. per 
hour to 3.60 and 3.45 ml. per hour, respectively. The results of experiment 1 
are summarized graphically in figure 1 where rate of water uptake, expressed 
as per cent. of the original rate for each plant, is plotted against time. To 
obtain these values, the original stable rate of water uptake for the particu- 
lar plant prior to fumigation was taken as 100, and all subsequent values 
were compared to this original value. Each point on the graph represents 
the average of three readings taken at 10-minute intervals. As ean be seen 
in the graph, the rates of treated plants increased slightly after fumigation 





fe) 4 : 4 
fe) 2 Hours 3 4 





Fic. 1. Rate of water uptake (ordinate in percentage of original rate) in successive 
half-hour intervals. Plusses and crosses: plants fumigated for two hours with artificial 
smog; circles and dots: control plants not fumigated. Arrows show beginning and end 
of fumigation. 


was discontinued but did not reach the rate for the same plant had it not 
been subjected to smog. Results of experiment 2 served to confirm those of 
experiment 1 and the same decreases in water uptake were again observed. 

Subsequent measurements using the weighing method proved that the 
transpiration rate was also affected by smog. Transpiration rates of dupli- 
cate tomato plants given no smog, and one and two hours of smog daily for 
two and four days were measured. Two plants were used for each treat- 
ment except for the control in which four plants were used. A group of 
plants given treatments identical to those mentioned above were kept un- 


covered as controls for the transpiration plants in order to detect any possi- 


ble differences in growth of the two groups of plants. 
Following each fumigation period, a rapid drop in transpiration rate was 
noted. The actual values of a few typical cases are as follows: treated 
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plant—original rate, 2.52 ml. per hour; after first day’s fumigation, 0.80 ml. 
per hour; after second day's fumigation, 1.09 ml. per hour. Control plant— 
original rate, 1.42 ml. per hour; after first day, 1.35 ml. per hour; after see- 
ond day, 1.65 ml. per hour. The transpiration drop can easily be seen in 
figure 2 where transpiration values, expressed as per cent. of original rate of 
each plant are given. To obtain the values for figure 2, rates during the day 
were compared with the original daytime value of the particular plant (.e. 
average rate from 9 A.M. until | p.m.) and rates during the night with the 
original nighttime value (7.e. average rate from 7 p.m. until 9 a.M.). Values 
for each control plant were also compared to the respective original values 
with the result that an apparent increase in transpiration rate occurred as 


the experiment progressed. This increase may be due to the increase in 
weight and surface of the plants as a result of photosynthetic activity. Fig- 
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Fic. 2. Rate of transpiration (ordinate: per cent. of transpiration compared with 
beginning of experiment) of tomato plants ke pt const intly in smog-free air (crosses and 
broken line) or fumigated for two hours daily with artificial smog (plusses and circles). 
Abscissa gives time in days. Arrows indicate beginning of each fumigation. Some 
plants were fumigated on two successive days (circles and solid line); other plants were 
fumigated on four successive days (plusses and broken line) 


ure 2 shows transpiration curves for a control plant and for two plants 
treated with two-hour daily doses of smog for two and four days. Duplicate 
plants showed the same trend with a marked decrease after each fumigation 
followed by partial recovery. Rates of plants given only two daily fumiga- 
tions returned almost to their original transpiration rates by the fourth day. 
It is of interest that these rates for the third and fourth days parallel those 
of control plants but that they did not approach the values attained by che 
control plants. Transpiration rates of plants given only one-hour fumiga- 
tions are not presented graphically but for these plants the rates likewise 
dropped immediately after fumigation. However the extent of the drop was 
slightly less than that of the two-hour fumigated plants. If one refers to 
figure 1, the similarity between the curve of water uptake and the first part 
of the curves representing transpiration in figure 2 is immediately apparent 
indicating that the processes measured were possibly identical for the two 
different methods. 
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Daily stomatal observations with the Ultrapak microscope were made 
before and after fumigations. The condition of the stomata of the covered 
and uncovered plants was found to be the same. Upper stomata for all 
plants were continually closed while the lower stomata of the control plants 
were wide open during the fumigation interval 1:30 to 3:30 p.m. In every 
case stomata of lower surfaces of smog-treated plants were closed following 
fumigation. Some of these reopened but on each successive day prior to 
fumigation more of the stomata were closed indicating permanent injury. 
On the fourth day most of the stomata of both one- and two-hour treated 
plants appeared to be completely closed. In spite of this, the typical drops 
in transpiration rate continued. 

At the end of the experiment, all plants were harvested. Differences in 
dry weights and leaf area although present were not marked. Uneovered 
and covered plants did not differ. These results were anticipated since the 
number of fumigation periods was less than that required to give these dif- 
ferences. It was found that transpiration was affected at levels of smog 
lower than those necessary to give large growth differences. 


Discussion 


The hidden damage caused by smog is of considerable interest because 
it is a type of injury not known to occur in most cases of air pollution 
damage. In the ease of SO. damage e.g. it has been clearly shown that 
actual damage to plants is proportional to the amount of visible leaf de- 
struction produced by the fumigation (5). Invisible injury such as that 
caused by smog may be more widespread than is believed at present and 
growth of plants in many urban areas may be affected. Agents causing such 
damage would be insidious simply because they could cause damage not 
immediately apparent. In the present studies use has been made of hidden 
damage to measure the effect of environmental conditions and applied sub- 
stances to the growth response of plants to smog. These studies were limited 
to the effect of synthetic smog but extension of the work to include the effeet 
of natural smog is planned. 

Fresh weights of tomato tops subjected to no other treatment than the 
daily smog fumigation in the light were consistently less than fresh weights 


of the comparable control plants even though the leaves showed no symp- 


toms of injury. Differences in dry weights, however, varied from experi- 
ment to experiment, being one time significant and the next time not signifi- 
eant. These variations may possibly be reflections of slight differences in 
the age of the plants at the time of the initiation of the experiment. It has 
been observed that the extent of visible natural smog damage is dependent 
in part on the age of the plants, the younger plants being more sensitive. In 
the present studies in which plants 14 to 21 days old were used, no consistent 
correlation between age and hidden damage was observed, although ex- 
periments designed to test this point specifically may result in a different 
conclusion. 


Present studies show no conclusive evidence for a positive correlation 
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between degree of opening of stomata and extent of damage. However it 
does seem that conditions favoring opening of stomata, ve. light and tur- 
gidity, also are those under which plants are most susceptible to smog in- 
jury. The fact that stomata close so rapidly after first exposure to smog 
and remain closed often permanently would seem to indicate that stomata 
are not per se responsible for the differences in response under different 
treatments. 

Smog injury was less severe when fumigation was carried out early in 
the morning either in the light or in the dark. At this time of day stomata 
are closed or are slightly open, photosynthesis is only commencing, and the 
synthetic activities related to photosynthesis have probably not yet reached 
their maximum rates. It is probable that plants photosynthesizing at a slow 
rate are less susceptible to smog damage. The results of the light experi- 
ment are similar to those obtained by Karz and LepincHam (3) and of 
ZIMMERMAN (9) who reported the same effects ot light on sulphur dioxide 
injury to plants. 

Went and Carrer (8) have shown that sucrose spray can stimulate 
growth of tomato plants which have been placed under adverse light or tem- 
perature conditions. The sucrose may compensate for a lowered photosyn- 
thetic rate. Likewise in the present studies the sucrose spray may have 
compensated for a probable decrease in photosynthesis of smog-treated 
plants. It is also possible that the partial protective action was merely 
physical in that it prevented the absorption of smog. 

Variations in response of oat seedlings to growth substances have been 
attributed by Went (7) to the influence of air pollutants. Preliminary ex- 
periments performed in the course of the present studies failed to show a 


relation between smog and growth-substance activity. Soil applications of 


NOA solution did not alter the response of tomato plants to smog, and smog 
showed only a very slight and insignificant effect on the response of pes 
sections to 2,4-D. Since control pea sections were also unaffected, it is proba- 
ble that etiolated pea plants with their small leaf surfaces absorbed quanti- 
ties of smog too small to inhibit the elongation of the sections. The nega- 
tive results of these experiments cannot be interpreted to mean that there is 
no effect of smog on growth-substance or auxin activity. The more exten- 
sive and complete experiments now in progress in this laboratory will enable 
a definite conclusion to be made. 

The influence of water supply on injury by air pollutants is not unique 
to smog. A similar influence has been reported both by Karz and Lepinc- 
HAM (3) and ZIMMERMAN (9) who found that plants near the wilted condi- 
tion were very resistant to sulphur dioxide. Plants given limited water 
supply are metabolizing slowly and as a result the air pollutant may be less 
harmful. In these studies, limiting the water also meant decreasing the 
amount of nutrient solution given the plant. It is unlikely that the nutrient 
ever became limiting, however, because of the short duration of the experi- 
ment. Since stomata closed as soon as fumigation was initiated, a drop in 
transpiration rate would be expected. However, even on the fourth day of 
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smog treatment when most stomata were closed prior to treatment, the de- 
pression in rate of transpiration Was almost as great as on the first day. 
If smog affects transpiration simply by causing stomatal closure, it becomes 
necessary to account for this inconsistency. It is possible either that the 
stomata were very slightly open at the beginning of the fourth fumigation 
or that there were occasional stomata which were still open after three 
fumigations. 

The results presented in this paper indicate that smog injury is most 
severe When plants are turgid, when they are in the light, and in short when 
conditions are optimum for photosynthesis. It is of interest that like smog, 
sulphur dioxide damage is also more severe when plants are in direct light, 
are very turgid, and when photosynthesis is at a maximum (3, 9). While 
many of the results presented here are necessarily preliminary in nature, 
they provide a basis from which further research on the mechanism of action 
of smog can proceed, 

The measurement of water exchange under the influence of smog pre- 
sents a curious inconsistency. Visible smog damage starts with an oily 
appearance of the lower leaf surface, due to leaking of cell sap from affeeted 
cells, indicating an increased permeability. The invisible injury of tomato 
leaves on the other hand, is associated with a decreased water uptake and 
transpiration, indicating decreased permeability of cell membranes. This 
observation would lead one to assume that the initial effeet of low concen- 
tration of smog is to decrease permeability. As the smog concentration 
increases, this permeability effect suddenly seems to change over to an in- 
creased permeability. The smog concentration at which this change in 
permeability occurs must differ from plant to plant, being high for tomatoes 
and low for spinach and endive. When the smog concentration is raised 
sufficiently, tomato leaves will also show typical smog injury: browning of 
the lower surface and in the most severe cases yellowish-brown spots on the 
upper side of the leaf. 

Since this article was prepared, work by BLeaspALe (1) has appeared in 
which he has shown that in Manchester, England, air pollution causes a 
decrease in growth rate of plants, particularly Loliwm perenne without pro- 
ducing visible injury. He also shows that invisible injury was not due to 
sulphur dioxide. It is very likely that Bleasdale’s effects were caused by 


the same phytotoxic agents whose affeets were studied in the present in- 
vestigation. 


Summary 


The effect of synthetic smog (1-n-hexene plus ozone) on growth and 
transpiration of tomato plants and on elongation of etiolated pea sections 
has been studied. Use has been made of hidden damage (growth decrease 
in the absence of visible injury) to measure the effect of light, sucrose spray, 
8-naphthoxyacetice acid, and water supply on smog injury. 

Growth of tomato plants fumigated in the dark or light just following : 
12-hour dark period or in the dark after one and one half hours of light was 
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unaffected by smog. Growth of plants fumigated in the light at mid-day or 
early afternoon was significantly decreased by smog treatment. 

Sucrose spray partially protected tomato plants against smog damage. 
B-naphthoxyacetie acid did not significantly affect the response of tomato 
plants to smog. Smog treatment did not affect the elongation of etiolated 
pea sections either in water or in 2,4-D solution. 

Tomato plants given limited water supply were resistant to smog damage 
while comparable plants receiving ample water were susceptible. Transpi- 
ration and water uptake rates of tomato plants were decreased by subjec- 
tion to smog. The decrease was followed by recovery to slightly less than 
control rates. Subsequent fumigation caused repeated drops in transpira- 
tion rates followed by partial recovery. No direct correlation between sto- 
matal opening and response of plants to smog Was observed. 


This work was supported by a grant from the Los Angeles County Air 
Pollution Control District. The authors wish to thank Dr. Herbert Hull for 
his assistance and helpful suggestions. : 
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Introduction 

In recent years there has been a considerable increase in our knowledge 
of the respiratory metabolism in higher plants. The lower plants, however, 
have received little attention. This is particularly true of the blue-green 
algae where the amount of available information on their respiration is 
almost negligible. The only known investigation has been that of EMERSON 
(1) who reported that respiration in a species of Oscillatoria was inhibited 
about 80% by 10-4 M hydrogen cyanide but only 12% by a mixture of 97% 
carbon monoxide-3% oxygen. The purpose of this investigation has been 
to determine some of the over-all respiratory characteristics of a blue-green 
alga, and to compare certain of these characteristics with those generally 
found in living organisms. 


Materials and methods 

The alga under investigation was isolated in pure culture by R. Hecker 
of the University of Illinois, and identified as a species of Anabaena by Dr. 
KE. Pringsheim of Cambridge University (3). The alga was grown auto- 
trophically in an inorganic salt solution of the following composition which 
was modified from the Chroococeus medium of EMerson and Lewis (2): 
MgSO,:7 H.O, 0.25 gm./l.; KH.PO,y, 0.10 gm./l.; KNOs, 1.00 gm./L.; 
Ca(NOxz)o, 0.025 gm./l.; NH4Cl, 0.05 gm./l.; FeSO4( NH 4).80,4°6 H.0, 0.004 
gm./l.; Mn, 2.0 mg./l. (as MnSO,4); B, 1.0 mg./l. (as H3BO3); Zn, 0.05 
mg./l. (as ZnSO,4); Cu, 0.01 mg./l. (as CuSO,); Mo, 0.01 mg./l. (as MoOs). 
Fifty-ml. aliquots of this nutrient solution were autoclaved in 250-ml. Erlen- 
meyer flasks, and after cooling the solution, 2.5 ml. of a Seitz filtered solu- 
tion containing 1.2 gm. NaHCQOs per 50 ml. were added to each flask of 
nutrient medium. The final pH of the medium was 9.0. The liquid cultures 
were inoculated from young cultures actively growing on agar slants and 
then grown under continuous illumination from white fluorescent lamps (at 
about 50 foot-candles) at a temperature of 24+ 1° C. In the course of 
growth the nutrient medium became more alkaline. The pH of a mature 
culture was about 9.5. Cultures were grown for 15 to 20 days before the 
cells were used for experiments. The cultures were checked periodically for 
contamination by bacteria and fungi by growth on glucose-peptone-agar 
slants. 


1 Present address: Kerckhoff Laboratories of Biology, California Institute of Tech- 
nology, Pasadena, California. 
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The alga was maintained on a medium containing 2% agar in nutrient 
medium to which Seitz filtered NaHCO, solution was added just before the 
agar solidified. 

Measurements of respiratory activity were carried out using the standard 
Warburg manometric technique. Both phosphate and carbonate buffers were 
used during this investigation. Dry weights of aliquots were determined for 
each experiment. Studies with eyanide were performed in such a way as to 
maintain a constant concentration of undissociated acid (6). Cyanide and 
azide were added to the test system as their sodium salts, but the conecentra- 
tions of these inhibitors expressed in this paper refer to final concentrations 
of the non-dissociated acids, HCN and HN, in the Warburg vessels. All 
experiments with carbon monoxide were corrected for blank uptake of ear- 
bon monoxide in the presence of KOH. Appropriate controls using nitrogen- 
oxygen mixtures of the same percentage composition were employed during 
all carbon monoxide experiments. Experiments were performed at 25° C. 

Fragmented cells were prepared by grinding whole cell masses at 0 to 
5° C with equal quantities of 0.05 M phosphate buffer (pH 6.0) and washed 
Carborundum powder. The unbroken cells and the Carborundum were re- 
moved by low speed centrifugation, and the supernatant was kept at 5° C 
until used. Appropriate controls containing boiled fragmented cells were 
employed to correct for non-enzymatie oxidations. 

Cytochrome ¢ was prepared by the method of Kemin and Hartree (4). 


Results 
ENDOGENOUS RESPIRATION 


Values for rates of oxygen consumption and for respiratory quotients are 
given in table I. In the absence of any added organic substrates the algal 
cells maintained a constant respiratory rate for several hours over a wide 
range of hydrogen ion concentrations and in two different buffer systems. 
The course of respiration Was examined over an extended period of time and 

TABLE I 


RATES OF ENDOGENOUS RESPIRATION OF ANABAENA UNDER VARIOUS 
CONDITIONS OF PH AND SUSPENDING MEDIUM (DURATION 
OF EXPERIMENT WAS THREE HOURS). 


Respiratory Respiratory 
rate quotient 


Suspending medium pil 


cmm, O, absorbed/ cmm, CO, evolved/ 
mg. dry wt./h, cmm. O, absorbed 
Culture solution 
0.05 M Bicarbonate-carbonate 
buffer (Na: K = 2:1) a 
0.05 M Phosphate buffer 4.7 0.90 
0.05 M Phosphate buffer 2 0.90 
0.05 M Phosphate buffer 0.90 
0.05 M Phosphate buffer 4. 0.95 
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showed that the initial respiratory rate continued for about four hours after 
the cells were placed in the dark. This was followed by a gradual decrease 
to a value about 20% of the original rate aiter 36 to 48 hours. Cells kept 
in the dark for three to five days became yellow but continued to respire at 
the low endogenous rate. They became green again after several days expo- 
sure to weak light of about 50 foot-candles. Unless otherwise indicated, 
results in this paper are from experiments which were performed during the 
first four hours after the cells had been put in the dark. 


EFFECT OF RESPIRATORY INHIBITORS 

The heavy metal enzyme inhibitors, cyanide, azide, and o-phenanthroline 
strongly inhibited endogenous respiration (table II). It should be noted, 
however, that a certain portion of the respiration Was not cyanide sensitive, 
indicating the possibility of an alternate respiratory pathway not mediated 
by heavy metal containing enzymes. All respiratory inhibitions, except 
those with o-phenanthroline, could be completely abolished by washing the 
cells several times in distilled water. 

It was found that endogenous respiration was relatively insensitive to 
carbon monoxide until very high ratios of CO/O. were employed. However, 
the oxidation of substrate was strongly inhibited by carbon monoxide (table 
IV). Inhibitions were easily reversed by flushing out the manometer and 
vessel with air. In figure 1, the results for the inhibition of endogenous 

TABLE I 


INHIBITION OF OXYGEN CONSUMPTION BY INTACT CELLS OF ANABAENA 
BY CERTAIN FESPIRATORY INHIBITORS (CEIL.LS IN 0,05 VM PHOSPHATE 
BUFFER AT PI] 5.5. DURATION OF EACH EXPERIMENT 
WAS THREE HOURS). 


Molar Substrate Kange of 
concentration added inhibition 


Inhibitor 


or 
€ 


llydrogen cyanide* 0.00001 none 20-30 
Hydrogen cyanide 0.0001 none 60-70 
Hydrogen cyanide 0.001 none 70-75 
Hydrogen cyanide 0.01 none 75-80 
Hydrogen cyanide 0.1 none 75-80 
Hydrogen cyanide 0.001 0.05 glucose 20-85 
itydrogen cyanide 0,001 0.05M ascorbate 85-90 
Hydrogen azide 0.0001 none 0-10 
ltydrogen azide 0.001 none 90-25 
liydrogen azide 0.01 none 60-70 
o-Phenanthroline 0.001 none 30-40 
o-Phenanthrol ine 0.01 none 60-65 
Hydroxylamine 0.0001 none 0 
Iydroxylamine 0,001 none 5-10 
hydroxylamine 0.01 none 10-20 
*Inhibition of endogenous respiration by hydrogen cyanide was the same for 0,1 M 
to 0.00001 M HCN in carbonate-bicarbonate buffer (pil 9.1) as in phosphate buffer 
(pH 5.5). 





66 PLANT PHYSIOLOGY 


respiration by carbon monoxide were plotted according to the method of 
LINEWEAVER and Burk (5). From this plot the distribution constant (Kp) 
was calculated as 29.0 (probable error + 2.2). This value is considerably 
higher than the value of 2.25 obtained by WizLer (8) for yeast respiring on 
glucose but is smaller than the value of 180 which can be calculated from 
.mMerson’s data (1) for Oscillatoria. It is apparent, however, that stimula- 
tion of oxygen uptake was observed at lower CO/QOz, ratios. It remains to 
be determined whether this stimulation is due to oxidation of carbon monox- 
ide or due to actual increase in the rate of oxidation of endogenous substrate. 
Should oxidation of carbon monoxide take place, the distribution constant 
‘alculated above would have to be corrected. For glucose, ascorbate, and 
hydroquinone only one CO/Oz ratio was tested for each compound and thus 


ue 








Fic. 1. The effect of different ratios of carbon monoxide to oxygen on the rate of 
endogenous respiration of Anabaena sp. Abscissa: Ratio of carbon monoxide to oxygen 
in liquid phase. Ordinate: Reciprocals of the relative rates of endogenous respiration. 


only the Warburg distribution constants (7) were caleulated for the ob- 
served results (table IV). The value thus obtained for glucose is also some- 
what higher than those for yeast obtained by Warpure (7) and WINZLER 
(8). In contrast, the oxidation of ascorbate by intact cells and of hydro- 


quinone by fragmented cells, fortified with cytochrome ce, is considerably 


more sensitive to carbon monoxide than the oxidation of glucose. The dis- 
tribution constants in the presence of ascorbate and of hydroquinone are 
more comparable to those obtained by Warburg for the respiration of yeast 
in the presence of glucose. 

An effort was made to study the effeet of light on green cells whose 
respiration had been inhibited by carbon monoxide. The results were com- 
plicated by photosynthetic gas exchange and by an apparent inhibition of 
respiration in the light. The full details of these experiments will be pub- 
lished in a later paper. In starved cells which had lost their photosynthetic 
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TABLE III 


OXIDATION OF ORGANIC SUBSTRATES BY INTACT AND FRAGMENTED 
CELLS OF ANABAENA (CELLS IN 0,05M PHOSPHATE. BUFFER AT 
PH 6.0. DURATION OF EACH EXPERIMENT WAS THREE 

HOURS. TEMPERATURE WAS 25° C). 


Per cent. of control 


Oxygen uptake 


Intact Fragmented Intact Fragmented 

cells cells cells cells 
cmm. O, consumed, 

mg. dry wt./hr. 


0.08 100 
0.10 584 125 
0.08 11] 100 
0.08 11] 100 
0.15 128 187 
0.09 37 112 
ais 78 mn 
0,08 95 100 
1.30 639 1625 


None 
Glucose (0,05 M) 
Galactose (0,05 M) 
Mannose (0.05 M) 
Succinate (0,05 M) 
Acetate (0.05 M) 
Pyruvate (0.05 M) 
Catechol (0.01 M) 
Ascorbate (0,05 M) 
Ascorbate + 0.0001 M 
cytochrome c wii 4.80 ial 6000 
liydroquinone (0.01 M) 1.00 100 1450 
liydroquinone + 0,0001 Vi 
cytochrone c 


_ 

com 
. 
Jel 
a 


= 
. ee 
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3.60 4500 


pigments after incubation in the dark for several days, the carbon monoxide 
inhibition of glucose enhanced respiration was completely reversed by light 
(table IV). 


OXIDATION OF ADDED ORGANIC SUBSTRATES 


Algal cells which had been kept in the dark for 24 hours to deplete 
photosynthetically produced substrates, were able to oxidize several organic 
materials (table II1). In order to eliminate any influence of permeability 
on the oxidations, fragmented cell preparations were also used. Of interest 
was the finding that a polyphenol oxidase was absent from these cells since 
they were unable to oxidize catechol, but a cytochrome oxidase was proba- 
bly present since oxidation of hydroquinone or ascorbate was enhanced by 
the presence of cytochrome ¢. The oxidation stimulated by eytochrome e¢ 
was inhibited by carbon monoxide (table [V), and thus was probably medi- 
ated by a heavy metal enzyme. 

Discussion 

The results presented here leave little doubt that most of the respiration 
of Anabaena is mediated by one or more heavy metal-containing enzymes. 
Of the known heavy metal oxidases which have been postulated as partici- 
pating in plant respiration (polyphenol oxidase, ascorbic acid oxidase, and 
cytochrome oxidase), polyphenol oxidase is apparently eliminated from con- 
sideration as a terminal oxidase in this organism since neither intact nor 
fragmented cells possessed any ability to oxidize catechol. The evidence for 
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TABLE IV 


kLFFECT OF CARBON MONOXIDE ON OXIDATIONS BY INTACT AND FRAGMENTED 
CELLS OF ANABAENA (CELLS IN 0,05M PHOSPHATE BUFFER AT PH 6.0. 
DURATION OF FACH EXPERIMENT WAS THREE HOURS. 
TEMPERATURE WAS 25° C).” 


Oxygen uptake 


a Relative 
Substrate Intact Fragmented Inhibition affinity 
cells cells constant 


Ka 


cmm, oxygen consumed 
mg. dry wt. /hr. 


Ascorbate 11.5 
Ascorbate + carbon monoxide 

(CO/O, = 24.6)* 2.5 
Hydroquinone + 0.0001 M 

cytochrome c 3.60 
Hydroquinone + 0,0001 M 

cytochrome c + carbon 

monoxide (CO/O, = 18,2) 0.90 
Glucose (0,05 M)** 
Glucose + carbon monoxide 

(CO/O, = 14.4) in the dark** 
Glucose + carbon monoxide 

(CO/O, = 14.4) in the light** 

*CO0/O, in the liquid phase. 

**Non-photosynthetic cells. 
the occurrence of an ascorbic acid oxidase is somewhat uncertain, since the 
oxidation of ascorbate is stimulated by eytochrome ¢ and would seem, there- 
fore, to be mediated, at least in part, by a eytochrome oxidase. 

On the other hand, the possibility of a cytochrome oxidase operating in 
respiration must be considered. The following facts point to the participa- 
tion of this enzyme in the respiration of Anabaena: (a) The endogenous 
respiration is inhibited by eyanide, azide, and carbon monoxide; (b) The 
oxidation of hydroquinone and ascorbate by fragmented cells is definitely 
stimulated by the addition of cytochrome c¢ and this stimulated oxidation 
is carbon monoxide sensitive; (¢) The earbon monoxide inhibition of glucose 
oxidation by non-photosynthetie cells cultured in the dark is reversed by 
light. 


Summary 


The endogenous respiration of the blue-green alga, Anabaena, is inde- 
pendent of hydrogen ion concentration between pI 5.3 and 9.3 in phosphate 
and carbonate-bicarbonate buffers. When the algae are kept in the dark for 
two days, however, the respiratory rate declines to about 20% of the origi- 
nal rate. 

Endogenous respiration is strongly inhibited by cyanide, azide, and 
o-phenanthroline, but is inhibited by carbon monoxide only at high ratios 
of CO/O,. The ealeulated distribution constant is 29. 
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Oxidation of hydroquinone or ascorbate by fragmented cells is stimu- 
lated by cytochrome ¢, and the stimulated oxidation is strongly inhibited by 
carbon monoxide. Polyphenol oxidase is not present in Anabaena cells. 


The authors wish to thank Mr. Richard Hecker for the original cultures 
of Anabaena and for his advice on culture methods. This study was sup- 


ported by funds from the Graduate School of the University of Minnesota. 
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Introduction 


A number of horticultural crops respond favorably to foliar applications 
of urea. Considerable variability exists among crops, however, in the toler- 
ances of the foliage to spray concentrations of urea as well as in the appar- 
ent rate of utilization, and in the growth and fruiting responses obtained 
(2, 3, 4). Plants showing the least tolerance to urea, in general, respond 
most favorably to physiologically tolerable amounts of it. The greater 
effectiveness of the nitrogen in urea when foliar-applied, as compared with 
the usual inorganic ionic forms, 1s generally believed to reside in its non- 
polar organic properties. The first step in the utilization of the nitrogen in 
urea by the leaves of plants presumably is hydrolysis by the enzyme urease 
giving ammonia as one of the products. 


NH 


y, 2 


C =0+ HO ““*, 2 NH, + CO, 


\ 
NH 


2 

In view of the almost immediate responses obtained with urea sprays on a 
number of crops, this reaction must proceed rapidly, and one of the faetors 
limiting the reaction rate may be the urease activity in the leaves. Further- 
more, rapid hydrolysis, possibly induced by high urease activity, may cause 
the accumulation of hydrolytic products conducive to the foliage injury 
easily achieved on most crops but which varies among species with regard to 
the highest concentration which can be applied without visual burning of 
the foliage. 

As a measurement of the urease activity, and, similarly the rate of 
hydrolysis and possible utilization of urea applied to the leaves of several 
vegetable plants, carbon-14-labeled urea was employed, and the relative 
rates of the evolution of radioactive carbon dioxide were determined. 


Materials and methods 
Cucumber, bean, tomato, sweet corn, celery, and potato plants were 


grown to comparable sizes in sand in four-inch clay pots with complete 


! Journal article no. 1380 of the Michigan Agricultural Experiment Station 





HINSVARK ET AL.: METABOLISM OF FOLIAR-APPLIED UREA 71 


nutrients in the greenhouse. Normal plants four to six inches in height and 
growing vigorously were selected for treatment. 

A weighed quantity of C' urea was dissolved in 0.25 to 0.5 milliliters of 
a 0.3% Dreft solution. The amount of solvent used was dependent upon 
the ability of the leaf surface to retain the solution. The urea concentra- 
tions varied from 0.1 to 0.56% , but were always held below the predetermined 
concentration considered toxic when applied as a spray to the leaves of a 
particular plant. The C'™ urea was purchased from the Los Alamos Seien- 
tific Laboratory and had a specific activity of 1 me. per 18 milligrams. 
Measured quantities of the solutions were applied immediately after prepa- 
ration to a given area on the upper surface of the leaf or leaves of individual 
plants. An attempt was made to have the total area of application as well 
as the physiological age of the leaves of the various species as constant as 
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Fic. 1. Schematic drawing of closed system used to measure accumulation of C“%Os 
produced by hydrolysis of C™ urea. 


possible. Young leaves, not fully expanded, were always selected for treat- 
ment. Before treating, all plants were held in the dark for at least one hour. 
Initial tests suggested that such a preconditioning greatly minimized the 
possible dark fixation of COs. 

Following treatment and during the measurement of hydrolysis of urea 
the plants were held in the dark in order that the CO. evolved would not 
be re-utilized in photosynthesis. Several (never less than three) replicate 
runs were made on a single species to determine the pattern of hydrolysis 
including the approximate rate and kinetie order of the reaction. 

The comparative rates of accumulation of CO. as a result of urea 
hydrolysis by the leaves of the various plants were measured by the appa- 
ratus shown in figure 1. A Nuclear Instrument and Chemical Corporation 
count rate meter (model 1615A) with an attached Esterline-Angus A. W. 
recorder was used in the design. For uniform voltage output for the count 
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rate meter, a Solavolt constant voltage transformer was connected in the 
circuit. To provide a slow circulation of the atmosphere, which was con- 
tinuously monitored in the closed system, a Sigmamotor pump controlled by 
a Boston Gear Works reductor (model LW13) was found satisfactory. This 
combination circulated the enclosed volume at a slow rate so that a repre- 
sentative sample Was measured by the count rate meter and recorded by the 
attached recording instrument at all times. A typical activity curve thus 
obtained showing the accumulation of COs in the system subsequent to the 
application of 10 pe. of C' urea to the leaf of a tomato plant is illustrated 
in figure 2A. A Nuclear Instrument and Chemical Corporation radiation 
counter with a D-34 mica window having a thickness of 1.4 mg./cm.? was 
used. Ten microcuries of CO. urea when applied to a leaf in the typical 
manner gave from 200 to 500 counts per minute with this apparatus. Neo- 
prene tubing was employed throughout the system since it was found supe- 
rior to natural rubber in withstanding the constant flexing exerted by the 
pump and because it has a relative impermeability to diffusion of CO... The 
acid trap provided a means of collecting ammonia evolved into the system 


TABLE I 
PLANT TOLERANCES TO CONCENTRATIONS OF UREA, 


Pounds of urea per 100 
gallons of water 


Plant 
Cucumber 3-4 
Bean 4-5 
Tomato 4-6 
Corn 4-6 
Celery 8-14 
Potato 8-14 


during the course of urea hydrolysis, and following each experimental run 
this solution was always checked by Nessler’s reagent for the presence of 
ammonia. At the conclusion of each experiment the entire enclosed volume 
was shunted through the ascarite tower for CO. absorption. 

Urea toxicity tests were conducted under greenhouse conditions on 10 
plants of each of the six species. Plants of the same age and size and which 
had been grown under similar conditions of temperature, sunlight, mineral 
nutrition, and moisture to those used in the C' urea studies were selected 
for treatment. Concentrations of urea ranging from 2 to 20 pounds per 100 
gallons of water with Dreft added as a wetting agent were applied by 
momentarily dipping the tops of the plants into the various solutions. Treat- 
ments were applied three times at weekly intervals. In table I the lowest 
concentrations causing some marginal leaf burning are listed for each crop. 


Experimental results and discussion 
The comparative rates of hydrolysis of C'™ urea by the leaves of bean, 
corn, tomato, and cucumber plants as determined by the accumulation of 
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C4, in the closed system were recorded. In figure 2 A is presented a typi- 
‘al activity-time curve for the hydrolysis of urea applied to the leaves of a 
tomato plant and the portion of the curve used for determining its slope and 
rate constant. The slopes of similar curves are portrayed, and rate con- 
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Fic. 2. The rates of hydrolysis of C“ urea applied to the foliage of several vege- 
table plants as illustrated by the initial slopes of the activity-time curves, showing the 
accumulation of COs in a closed system. A. A zero order activity-time curve showing 
the approximate portion of the recorded curve used for determination of rate constant. 
B. Typical zero order rate constants and curve slopes for corn, tomato, bean, and cueum- 
ber. C. First order rate constants and slopes for celery and potato. D. Comparative 
rate constants and curve slopes for the tomato with urea only and with urea and sucrose. 


stants are listed in figure 2B for cucumber, bean, tomato, and corn plants. 
The reaction rates for these four plants were typically of zero order. The 
most rapid rate of hydrolysis occurred when urea was applied to the ecueum- 
ber leaf, followed by the bean, tomato, and sweet corn. Within the range of 
concentrations used in these tests, the caleulated rate constants were found 
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to be relatively independent of the amount of urea originally applied to the 
leaves, and definite slopes of the curves were found to be characteristic for 
a given species and easily reproducible. 

It is of interest to note that within two to three hours subsequent to 
treatment, foliar-applied urea apparently is completely hydrolyzed by 
cucumber leaves, and of all plants tested the leaves of the cucumber exhibit 
the greatest urease activity. This is of further significance since observa- 
tions of tolerance to spray concentrations reveal (table 1) that cueumber 
leaves are the most sensitive of the six plants tested; they are injured by 
concentrations greater than three to four pounds of urea to 100 gallons of 
water. 

The rapid hydrolysis of urea by bean leaves (variety, Black Valentine) 
and their sensitivity to urea (table I) is not surprising in that urease was 
first crystallized from Jack bean meal (5). The tomato and sweet corn 
plants show considerably lower rate constants, but it is significant, even with 
these plants, that the hydrolysis of foliar-applied urea proceeds rapidly, that 
within a few hours following application the reaction is complete, and that 
tomato and sweet corn plants are relatively sensitive to low concentrations 
of urea. 

The leaves of celery and potato were found to be much more tolerant to 
successive sprays of urea (table 1). The hydrolyses of urea as measured by 
the evolution of C™O, from the C' urea applied to these leaves were found 
to have different reaction rates and gave straight lines when the initial log 
counts were plotted against time (fig. 2C). The kinetics of such reactions 
are of first order, and the rate constants suggest a remarkable similarity in 
the urease activities of the foliage of celery and potato. The low rate con- 
stants for urease activity may indicate a basis for the high tolerance of the 
foliage of these crops to urea sprays. At low concentrations of urea (0.02%) 
applied to the leaves of celery and potato, the kinetics appeared to be of 
zero order with a rate constant of approximately 20. It is possible with 


these plants that the amount of the enzyme rapidly becomes a limiting fae- 


tor as the reaction proceeds. 

Tolerances of the leaves of plants to urea as related to the time-activity 
curves, which are in turn determined by the hydrolysis rate constants, are 
of special interest in view of the report that sucrose applied in equal molar 
quantities to urea protects the foliage of the tomato plant against possible 
injury by urea sprays (1). A solution containing 0.1 molar sucrose and C™ 
urea Was prepared, applied in the usual manner, and the rate constant was 
derived from the initial slope of the time-activity curve and compared with 
that characteristic of the usual application of C'™ urea on the leaves of the 
tomato plant. These data are presented in figure 2D. As was character- 
istic of the tomato, both reaction rates were typically zero order, but urea 
hydrolysis was significantly reduced by the addition of sucrose in equal 
molar quantities. Possibly sucrose exerts its effect in preventing foliage 
burning of the tomato by partially inhibiting urease activity, which may in 
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turn prevent the rapid accumulation of toxie hydrolytic products of the 
reaction. In practice this effeet of sucrose may be advantageous in that 
higher concentrations of urea may be applied and urea utilization extended 
for a longer period of time. Similarly, the immediate and characteristic 
responses from nitrogen applications to leaves may not be so readily appar- 
ent with urea if sucrose is added. 

Of special significance in these studies appears to be the relationship 
apparently established between the reaction rates characteristic of urea 
hydrolysis by the leaves of various plants, the growth responses of these 
plants to urea and the concentrations of urea which can be applied without 
burning injury to the foliage. The data reported would suggest that plants 
most easily injured by urea sprays are apparently those which have the 
highest urease activity in the leaves. Conduciveness toward injury is in- 
dicative of rapid hydrolysis denoting rapid utilization and distinguishes the 
plants most readily benefited if below-toxie concentrations are employed. 
With the plants studied, urea hydrolysis as it occurs in the leaves of plants 
subsequent to foliar applications, appears to be the equivalent of utilization. 
In no instance was any ammonia collected in the acid trap (fig. 1) during 
the course of urea hydrolysis in the atmosphere of the closed system em- 
ployed in these tests. 

Summary 

The first step in the utilization of the nitrogen in urea applied to the 
leaves of plants presumably is hydrolysis by the enzyme urease giving NH, 
and COs. The comparative rate constants of the activity-time curves of the 
enzymatic hydrolysis of carbon-14-labeled urea applied to the leaves of 
cucumber, bean, tomato, corn, celery, and potato were determined by con- 
tinuously monitoring the air and recording the accumulation of C™O., in a 
closed system. 

The initial reaction rates for cucumber, bean, tomato, and corn, the 
leaves of which were found relatively intolerant to urea, were typically of 
zero order. With celery and potato plants having considerably more toler- 
ance to foliar-applied urea, the kineties of the enzymatic hydrolysis of urea 
by the leaves were of first order. Equal molar concentrations of suerose 
used in solution with urea and applied to the foliage of tomato plants sig- 
nificantly reduced the rate of urea hydrolysis. 

It is suggested that plants most easily injured by urea sprays are appar- 
ently those which have the highest urease activity, and the initial kineties 


of the reaction are of zero order. Conduciveness toward urea injury is in- 
dicative of rapid hydrolysis and may denote rapid utilization. Hydrolysis 


as it oecurs in the leaves of plants subsequent to foliar applications of urea 
appears to be equivalent to utilization. 


This work was supported by a grant from the Atomic Energy Commis- 
sion, Biological and Medical Division, Contract At(11-1)-159. Suggestions 
of F. KE. Kelsey of the Nuclear Instrument and Chemical Corporation, Chi- 
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cago, were utilized in designing the apparatus (fig. 1) for continuously 
monitoring the accumulation of COs, in a closed system. 
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Introduction 


‘The phenomenon of photoperiodism has held the interest of investigators 
for a number of years. The fact that one environmental factor can exert 
such influence on the sexual development of some plants has been responsi- 
ble for many investigations. The results of most of this work have been 
excellently reviewed elsewhere (11, 16) and will not be discussed here. 
However, the authors were unable to find the results of any extensive in- 
vestigation of plant development when the chronological age of the plant 
was held constant. It seemed that the composition of plants having the 
same chronological age but different physiological ages should shed some 
light on this phenomenon. This paper is a record of work that was designed 
to investigate the relation between the amino acid content and the develop- 
ment of the oat plant (a long-day plant). 


Experimental procedure 

The test plant used was Wintok Oats CI-3424, furnished by the Okla- 
homa Agricultural Experiment Station, Stillwater, Oklahoma. The grains, 
which had been treated with Ceresan, were germinated on wet paper towels 
and transplanted to four-inch glazed soil jars when the plumules had 
emerged from the hull. The jars were filled with a mixture of clay loam 
soil, sand, barnyard manure, and some commercial fertilizer. This mixture 
was prepared in one large vat and thoroughly mixed before being placed in 
the pots. Soil was used as a medium for growing the plants, since it is 
generally accepted that variations of light affect the organic composition of 
plants much more than variations in inorganic nutrients available to the 
plants (7, 12, 13, 15). 

When the seedlings were one week old, they were thinned to three plants 
per pot. There were five pots per treatment and a total of one hundred pots 
were started for the experiment. The pots were kept in darkness until the 
seedlings emerged from the soil. At that time all of the pots were placed in 
an 8-hour day. Each week five pots were transferred from the 8-hour 
photoperiod to a 16-hour photoperiod in order to induce development. This 
procedure was used so that at the end of the experiment all of the plants 


would have the same chronological age but would be in varying stages of 


physiological development from the purely vegetative stage up to and in- 
cluding complete exsertion and anthesis. For the purposes of this paper, the 


aa 
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different treatments will be referred to in the following manner. Group 0 
contained the plants which remained in the 8-hour photoperiod for the dura- 
tion of the experiment. Group | consisted of the plants which had been 
exposed to two 16-hour photoperiods just previous to the termination of the 
experiment. Groups 2 through 10 were exposed to a 16-hour photoperiod 
for successively longer periods in increments of one week. Thus, group 2 
was exposed to 61 8-hour days followed by nine 16-hour days, and group 10 
was exposed to seven 8-hour days followed by 65 16-hour days. 

The seeds were germinated on October 27, 1950, and transplanted to the 
soil jars four days later. On November 1, 1950, the seedlings had emerged 
from the soil. On November 12, the plants started tillering, but no signifi- 
cant differences in the time or amount of tillering were noticed between 


Fic. 1. Oats, two months old, in various stages of development. Groups 8 and 9 
were further developed than group 10 which was exposed to a shorter preliminary period 
of eight-hour lengths. Numbers refer to the physiological age of the plant (see text). 


treatments. When the plants were 26 days old, the oats in group 10 began 
to shoot and four days later the plants in group 9 started shooting. Plants 
of group 8 did not begin to shoot until eight days later. When the plants 
were two months old, it was noted that those in the eighth and ninth treat- 
ments were definitely taller than the plants in group 10. These findings 
were similar to those of Purvis and Grecory (18) who demonstrated in 
winter rye (a long-day plant) that flowering was accelerated when the un- 


vernalized plants were exposed to a preliminary period of short-day lengths. 


Figure 1 shows the plants at this stage. 

On January 2, 1951, three plants in group 9 had flowered, and the follow- 
ing day five plants in group 8 had flowered. By January 5, all of the plants 
in group 9, nine plants in the eighth group, and two in the tenth group had 
flowered. By January 6, the remaining plants in group 8 had flowered. On 


January 7, all of the plants in groups 8, 9, and 10 had flowered, and plants 
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in four pots of the seventh treatment were in flower. By January 10, all the 
plants in groups 6 through 10 had flowered (fig. 2). 

On January 12, exsertion was complete in the eighth and ninth groups. 
Before all the oat panicles appeared, anthesis had occurred in the terminal 
panicles. This development was characteristic throughout all the treat- 
ments which induced flowering. On January 13, the experiment was termi- 
nated. Harvesting consisted of separating the panicles, stems, leaves 
(including sheaths), and the roots into four separate groups. The roots were 
washed with saturated saline solution to remove the adhering soil particles. 
The samples were dried in an oven for eight hours at 70° C. Afterwards the 
temperature Was increased to 100° C for 16 hours. The plant material was 
allowed to equilibrate with the moisture in the air, and air-dried weights 
were taken. The samples were ground in a small Wiley mill using a 60-mesh 


Fic. 2. Oats at the termination of the experiment. All plants were the same 
chronological age but varied in physiological age from the vegetative stage up to com- 
plete exsertion (groups 8 and 9). Numbers refer to the physiological age of the plant 
(see text). 


sieve. Because of the difficulty of removing all the roots from the soil, no 
dry weights were made on these structures. The ground tissue Was com- 
posited, and samples were weighed as air-dried material. 

At the time of harvest, several plants in groups 0, 1, and 2 were dissected 
to determine the stage of the growing point. The plants which remained in 
the eight-hour day during the complete duration of the experiment had 
apparently not developed further than an early transition stage. Compari- 
sons of the growing points were made with the photographs of Bonner (3). 


The oats remaining in the eight-hour photoperiod were in a vegetative stage 


or a very early transition stage. The tip of the main axis had elongated in 
some cases but the branch initials (first order) were not apparent. 

The group 1 plants had been exposed to two 16-hour days, and it was 
interesting to note that all of these plants examined corresponded to Bon- 
NETT’S plates C and D which represented the first stage of panicle formation 
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and the formation of branches of the second order. The plants which were 
in a favorable photoperiod for 10 days were developed much further. 


METHODS OF ANALYSIS 


For the analysis of tryptophan, the air-day plant material was hydro- 
lyzed with 5 N NaOH. This procedure consisted of autoclaving the samples 
at 15 pounds of pressure for five hours. The hydrolyzates for the remaining 
amino acids were prepared by hydrolyzing the plant material with 6 NV HCl 
for 18 hours. 

Glutamic acid, leucine, phenylalanine, valine, and tryptophan were deter- 
mined with Lactobacillus arabinosus 17-5; arginine and threonine by Strep- 
tococcus faecalis R; aspartic acid, histidine, tyrosine, isoleucine, and proline 
with Leuconostoc mesenteroides P-60. All of these methods were described 
by Henperson and Sneiu (8). Lysine and serine were determined by the 
microbiological procedure of CarpinaLL and Heprick (4). Glycine was 
assayed by the method of McCoy and Wenper (14). Cystine and methio- 
nine were determined by the method of SauBerLicH and BauMaN (19). 


Results and discussion 


To avoid confusion the amino acids are considered in five principal 
groups: the basie group which includes arginine, histidine, and lysine; the 
acidie group which ineludes glutamic acid and aspartic acid; the aromatic 
and heterocyclic group which includes phenylalanine, proline, tyrosine, and 


tryptophan; the aliphatie group which includes glycine, serine, threonine, 
valine, leucine, and isoleucine; and the sulphur-containing amino acids, 
cystine and methionine. The amounts of the amino acids will be referred 
to in micromoles of the L-isomer. 


CONCENTRATION OF THE AMINO ACIDS 


The tabular data on the concentration of amino acids on a dried weight 
basis were omitted from the text for the sake of brevity, but this informa- 
tion can be derived from the dried weight data in table I and tables III, IV, 
V, and VI, if desired. The exception of this rule was the root data, since the 
total weights of the roots were not determined. 

Some general trends were noted with respect to amino acid concentra- 
tion. On the basis of micromoles per gram dry weight, the concentration of 


TABLE I 
DRIED WEIGHTS OF OAT PLANTS AS GRAMS OF AIR-DRIED MATERIAL. __ 


Plant parts ——————_—_-__—_-_____- 
] 2 3 


Leaves 4.70 6.14 6.93 7.41 7.48 8.82 13.17 19.12 14.46 13.62 13.45 
Stems 3.45 5.43 7.73 8.25 9.68 9.82 9.58 
Fruits 98 3.95 4.76 3.90 4.24 
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most of the amino acids decreased in the leaves until the time just previous 
to flowering. After the stages reached in groups 5 and 6, there was an 
increase in concentration of most of these compounds. The concentration of 
tryptophan remained exceptionally constant in the leaves during the com- 
plete developmental cycle. It should be mentioned that there was an ex- 
tremely low concentration of tryptophan in group 0 as compared to the rest 
of the plants. 

The concentration of most of the amino acids in the roots increased from 
group 0 to group 6 (see table II). This increase was followed by a decrease 
in concentration. Apparently the roots were building up a reserve of amino 
acids in the earlier stages of development, and when the flowers appeared, 
these compounds were rapidly translocated into the tops. Glutamie acid 

TABLE II 
CONCENTRATION OF AMINO ACIDS IN OAT ROOTS IN MICROMOLES 
PER GRAM DRY WEIGHT. 


Group 
Amino acids —=———————-— es 2s. ae 


0 1 : 4 5 


L-Arginine 27 4629 ( { : 41 
L-Histidine 5.5 6.0 70 

L-Lysine 202] 30 

L-Glutamic acid 41 38 47 

L-Aspartic acid 27 27 

L-Phenylalanine 24 30 

L-Tyrosine 8.3 9.1 , 

L-Proline 20 24 ‘ y 18 
L-Tryptophan 6.9 8.8 4e 

Glycine 39 48 : d 7 : 40 
L-Serine 9 23 } 2! 27 
L-Threonine 21 x 2 27 3 ‘ 

L-Valine 24 ’ , : : 36 : ; 2: 3! 29 
L-Leucine 31 7 d . 26 k 28 
L-Isoleucine 27 y : r P 27 . : 2 2 27 
L-Cystine 5.! a 3 &. . , 5. 5. ‘ 8.3 
L-Methionine ‘ 3.¢ . 5.¢ a A Sui 4 7.9 


to th Ww ho 
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and aspartic acid presented a similar picture except in the initial stages of 
development (groups 0 to 4) when there was a decrease in concentration of 
these two compounds in the roots. Since there was an increase in the total 
amount of glutamic acid and aspartie acid in the leaves at this time, it 
appeared that the acidie group was translocated rapidly from the roots to 
the leaves in this stage of development. 

During the rapid elongation of the stems (groups 4 to 6), most of the 
amino acids exhibited a decrease in concentration in the stems (probably a 
dilution factor). In plants of groups 7 to 10 there was an increase in con- 
centration. Generally speaking, there was an increase in the concentration 
of amino acids in the fruits as they matured. The concentration of the aro- 
matic and heterocyclic compounds and the aliphatic group (except isoleu- 
cine) increased. The concentration of the sulphur-containing amino acids 
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TABLE II 


TOTAL AMOUNT OF AMINO ACIDS IN OAT LEAVES 
IN MICROMOLES PER GRAM DRY WEIGHT. 


Group 


Amino acids 


L-Arginine 

L-Histidine 

L-Lysine : 5! f : : 1000 
L-Glutamic acid 2 f 1450 
L-Aspartic acid : ‘ 5 810 
L-Phenylanaline : 5 5 ; 1300 
L- Tyrosine y 3¢ 320 
L-Proline } : : ‘ 350 
L-Tryptophan : : 3! 35. 9: 65 
Glycine é ‘ 1700 
L-Serine § 540 4! 5: 620 
L-Threonine . 520 5: ‘ 950 
L-Valine ‘ 470 20 ! r : 1100 
L-Leucine ! 500 ! ‘ 1000 
L-lsoleucine d 490 é ‘ 870 
L-Cystine 45 60 7 75 9 210 120 
L-Methionine ‘ 30 10 15 3 OSS é 110 


and arginine remaiued constant as the fruits matured while isoleucine de- 
creased in the fruits from groups 7 through 9. 


‘TOTAL AMOUNT OF AMINO ACIDS 


The total amount of amino acids in the leaves, stems, fruits, and plant 
tops are listed in tables IIT, IV, V, and VI. Most of the amino acids re- 
mained fairly constant in the plant top during the early stages of develop- 

TABLE IV 
TOTAL AMOUNT OF AMINO ACIDS IN OAT STEMS IN MICROMOLES 


Amino acids 





L-Arginine 
L-Histidine 
L-Lysine 
L-Glutamic acid 
L-Aspartic acid 
L-Pheny|al anine 
L-Tyrosine 
L-Proline 
L-Tryptophan 
Glycine 
L-Serine 
L-Threonine 
L-Valine 
L-Leucine 
L-Isolencine 
L-Cystine 
L-Methionine 
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TABLE V 
_ TOTAL AMOUNT OF AMINO ACIDS IN OAT FRUITS IN MICROMOLES. _ 


Amino acids 





L-Arginine , 180 180 
L-Histidine 70 60 
L-Lysine ; ‘ 300 250 
L-Glutamic acid 5: 470 470 
L-Aspartic acid : 2 280 290 
L-Phenylal anine : ; 350 300 
L-Tyrosine ’ ; 90 80 
L-Proline 190 300 310 
L-Tryptophan 10 15 10 
Glycine 350 4 450 350 
L-Serine 40 170 ; 170 170 
L-Threonine 50 200 ; 250 240 
L-Valine 60 270 32 300 290 
L-Leucine 50 230 ; 240 240 
L-Isoleucine 50 200 170 170 
L-Cystine 15 55 5! 60 40 
L-Methionine 5 30 35 30 35 





ment (groups 0 to 5). After the rapid stem elongation, these amino acids 
exhibited a definite increase in the plant top. Lysine showed the largest 
increase of the basic group increasing from around 700 micromoles in groups 
4 and 5 up to 1500 micromoles in groups 8 and 9. 
There was a definite increase in the tryptophan content between groups 
0 and 1 which is shown in figure 3. Since there was a decided difference 
between the growing points of the plants in group 0, whieh were in a very 
TABLE VI 
UNT OF AMINO ACIDS IN OAT TOPS IN MICROMOLES 
Group 
Amino acids _—— $$$ $$$ 
4 5 





L-Arginine 3: sb 280 390 1070 1060 1040 880 
L-Histidine k 170 190 :& 380 390 410 350 
L-Lysine . 700 650 : 1800 1500 1550 900 
L-Glutamic acid 1880 1620 I: 3100 3330 3600 2970 
L-Aspartic acid : ‘ ‘ 830 490 1820 1720 1860 1670 
L-Phenyl alanine 800 850 1550 2500 1900 1950 1550 
L-Tyrosine , : 220 250 ~~ 3: 440 450 410 410 
L-Proline ‘ ‘ 750 980 1250 900 920 870 
L- Tryptophan : 3! 45 50 130 6110)=685—s«100 
Glycine 900 1100 1250 : 2850 2500 2400 2450 
L-Serine - 54 ‘ 480 570 580 1250 1190 1120 960 
L-Threonine 5: 590 560 720 1610 1500 1450 1280 
L-Valine 650 830 850 2120 1800 1820 1610 
L-Leucine 470 640 710 1575 1540 1550 1430 
L-Isoleucine é : 520 500 680 1080 1610 1350 1320 1020 
L-Cystine 70 100 = 135 290 330 250 265 220 
L-Methionine : 15 45 75 200 200 170 205 180 
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early transition stage, and the growing points of the plants in group 1, which 
exhibited the branch initials (second order) it appeared that tryptophan 
plays an important role at the time of initiation of the flower primordia. 
It is well known that indoleacetic acid and other growth substances can 
suppress flowering in many plants (1, 6, 10,17). Bonner and Tuurvow (2) 
demonstrated that certain auxin antagonists can initiate flower-like buds in 
Xanthium when the plants are growing in a 16-hour day. The conversion 
of tryptophan into indoleacetic acid has been reported to occur in etiolated 
pea seedlings by GALston (5). This conversion involved the decarboxylase 
and transaminase systems to produce indolepyruvic acid or tryptamine from 
tryptophan, and either of these two compounds were converted to indole- 
acetaldehyde. The subsequent oxidation of indoleacetaldeliyde would yield 
indoleacetie acid. The present experimental evidence supports these find- 
ings in that the oat plants in group 1 contained much larger amounts of 
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Fic. 3. Tryptophan content of oat plants having the same chronological age but 
varying in physiological age from the vegetative stage to maturity 


tryptophan in the leaves when compared to those plants in group 0. It is 
possible that indoleacetic acid was being produced from tryptophan when 
the plants were held in an unfavorable photoperiod, but this reaction was 
inhibited markedly when the oat plants were placed in an 16-hour day 
length. This explanation could account for the marked differences in trypto- 
phan content in the plants of groups 0 and 1. 

The glutamie acid content of the plants increased sharply from group 0 
up to group 4. Then the amount of glutamie acid in the plant tops decreased 
about 360 micromoles. After group 6, there was an inerease of about 1500 
micromoles of glutamic acid in the plant top. The decrease in glutamic acid 
in the plants from group 4 to group 6 consisted of a loss of about 530 micro- 
moles in the leaves offset by an increase of about 60 micromoles in the stems 
and 110 micromoles in the fruits. There was an increase in concentration 
in the roots of 16 micromoles per gram dry weight during this period. While 
no accurate estimates of the total increase of glutamic acid in the roots was 
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possible from these experimental data, it is obvious that the oat plants suf- 
fered an over-all loss in glutamic acid at this stage of development. It 
should be pointed out that the amount of proline increased about 330 micro- 
moles in the tops, and proline was also inereasing in concentration in the 
roots at that time. Relations between glutamic acid and proline are well 
known in other living systems, and it was interesting to note that similar 
relations seemed to exist in the developing oat plants (fig. 4). The point of 
interest here is that glutamic acid may serve as a precursor for proline 
instead of proline being converted into glutamic acid. 

Kor er (9) studied the vitamin content of oats with respect to the stage 
of maturity and reported that approximately two weeks before the oats 
headed out there was an increase in folie acid in the plant on the dry-weight 
basis. While the physiological age of the plants in his work cannot be com- 
pared with that of the plants in the present work, it is worthy of note that 
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Fic. 4. Glutamie acid and proline content of oat plants. Note the loss of glutamic 
acid from groups 4 to 6 and the simultaneous increase in proline content 


between the groups 4 and 5 a portion of the loss of glutamie acid could 
possibly have been converted into folie acid. 

There was a loss of serine (ca. 80 micromoles) in the plant top from 
groups 0 to 3. During this time there was an increase of about 13 micro- 
moles per gram dry weight of this compound in the roots. While some 
serine might be translocated into the roots at this time, this increase in the 
roots could not account for the total loss of serine from the plant top. 
Further, cystine increased about 25 micromoles in the plant top and methio- 
nine increased from group 0 to group 1 (ea. 15 micromoles) but decreased in 
groups 2 and 3 (fig. 5). The demethylation of methionine to form homo- 
cysteine and the subsequent condensation with serine to form the unsym- 
metrical thioether, cystathionine, which cleaves to yield cysteine, has been 
established by pu VicNeaup et al. (20). It appears that similar relations 
occur in developing oat plants. 


Generally speaking, the leaves increased in total amino acids from group 
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0 to 3. This increase was followed by a decrease (groups 3 to 4) when the 
stems began to elongate and a subsequent increase after flowering. Appar- 
ently many of the amino acids were translocated into the stems from the 
leaves when the stems began rapid elongation, but the heteroeyelic and 
sulphur-containing amino acids did not exhibit this loss between groups 3 
and 4. The total amino acids in the stems generally increased as the stems 
increased in weight. The sixth group exhibited a loss of lysine, proline, 
glycine, threonine, valine, and leucine in the stems (with respect to group 5) 
while they contained the same amount of phenylalanine and histidine. These 
losses in many instances could be accounted for by the presence of these 
compounds in the fruits. 

The fruits showed marked increases in the total amount of amino acids 
as they matured. In the early stages of fruit development, the amino acids 
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Fic. 5. Serine, cystine, and methionine content of oat plants in the earlier stages 
of development. 


which entered the fruits in the largest amounts were lysine, phenylalanine, 
glutamic acid, aspartic acid, glycine, valine, leucine, isoleucine, and cystine. 
Proline was the last amino acid to enter the fruits in an appreciable amount. 

It might be well to mention some results in the composition of plants of 
group 10. It was noted that the development of the plant was retarded 
somewhat as a result of being continually exposed to a 16-hour day. At the 
time of harvest, it was noted that exsertion was not complete, and this group 
corresponded to group 7 on the basis of visual observations. It was inter- 
esting to see that the composition of plants of groups 7 and 10 were similar 
in many instances on a concentration basis. 

There are many other relations which can be noted from the experi- 
mental evidence presented here, but they would not justify detailed diseus- 
sion. Some of the more obvious tendencies have been pointed out and these 
should be emphasized. When the flower primordia were initiated in the oat 
plant, tryptophan increased in the plant top. It is possible that the trypto- 





MCCOY ET AL.: AMINO ACID COMPOSITION OF OATS 87 


phan formed in the plant was being converted into indoleacetie acid, and 
exposure of the plant to a favorable photoperiod inhibited this conversion. 

As the stems began to elongate rapidly, many amino acids were trans- 
located from the leaves inte the stems. During the shooting stage (groups 
0 to 5), the oat plants accumulated a reserve of amino acids in the roots, and 
after flowering (group 6) these compounds were rapidly translocated into the 
plant tops. Glutamic acid was translocated into the roots from the tops as 
development progressed from that of group 4 to that of group 6, but in addi- 
tion a portion of this compound was apparently lost at this time. It might 
have been partially converted into proline. In addition, there was evidence 
that serine was partially converted to cystine. 


Summary 


Wintok Oats, CI-3424, were grown in eight-hour and 16-hour photo- 
periods in such a manner that plants of the same chronological age would 
vary in physiological age from the purely vegetative stage to maturity. The 
plants were harvested and separated into leaves, roots, stems, and fruits. 
These were analyzed for fifteen amino acids. Some relations between amino 
acid composition and physiological age of the plants are discussed, 


The authors would like to express their appreciation to the laboratory 


staff of The Samuel Roberts Noble Foundation for assistance in the routine 
procedures described in this paper. 
LITERATURE CITED 

Bonner, J. Further experiments on flowering in Xanthium. Bot. Gaz. 
110: 625-627. 1949. 

Bonner, J. and THurtow, J. Inhibition of photoperiodic induction in 
Xanthium by applied auxin. Bot. Gaz. 110: 613-624. 1949. 
Bonnett, O. T. The development of the oat panicle. Jour. Agr. Res. 

54: 927-931. 1937. 

CarDINALL, FE. V. and Heprick, L. R. Microbiological assay of corn 
steep liquor for amino acid content. Jour. Biol. Chem. 172: 609- 
612. 1948. 

GaALstTon, A.W. Indoleacetie-nicotinie acid interactions in the etiolated 
pea plant. Plant Physiol. 24: 577-586. 1949. 

GREEN, M. and Fuuier, H. J. Indole-3-acetie acid and flowering. Sei- 
ence 108: 415-416. 1948. 

Hamner, K. C. and Maynarp, L. A. Factors influencing the nutritive 
value of the tomato. U.S. Dept. Agr. Mise. Pub. 502. 1942. 
Henperson, L. M. and Sveti, FE. E. A uniform medium for determina- 
tion of amino acids with various microérganisms. Jour. Biol. Chem. 

172: 15-29. 1948. 

Kouter, G. O. The effect of stage of growth on the chemistry of 

grasses. Jour. Biol. Chem. 152: 215-223. 1944. 





PLANT PHYSIOLOGY 


Leopoip, A. C. and THimann, K. V. The effect of auxin on flower initi- 
ation. Amer. Jour. Bot. 36: 342-347. 1949. 

Loenwinc, W.F. Nutritional factors in plant growth and development. 
Proc. lowa Acad. Sci. 49: 61-112. 1942. 

Lyson, C. B., Beeson, K. C., and Exuis, G. H. Effects of micro-nutri- 
ent deficiencies on growth and vitamin content of tomato. Bot. 
Gaz. 104: 495-514. 1943. 

McCoy, T. A., Bostwick, D. G., and Devicu, A. C. Some effects of 
phosphorus on the development, the [B vitamin content, and the 
inorganic composition of oats. Plant Physiol. 26: 784-791. 1951. 

McCoy, T. A. and Wenner, 8. H. The amino acid requirements of 
Streptococcus faecalis A.T.C.C. No. 6057. Presented at the Seventh 
Southwestern Meeting of the American Chemical Society, Austin, 
Texas, December 1951. 

Maynarp, L. A. and Berson, K. C. Some causes of variation in the 
vitamin content of plants grown for food. Nutrition Abstracts 
Revs. 13: 155-164. 1944. 

Murneek, A. E. and Wuyre, R.O. Vernalization and Photoperiodism. 
Chronica Botanica Company, Waltham, Massachusetts. 1948. 
Nayvor, A. W. Some effeets of growth substances on floral initiation 
and development in Xanthium. Amer. Jour. Bot. 37: 681. 1950. 

(An abstract.) 

Purvis, O. N. and Grecory, F. G. Studies in the vernalization of 
cereals. I. A comparative study of the vernalization of winter 
rye by low temperature and by short days. Ann. Bot. 1: 569-591. 
1937. 

SauBervicn, H. BE. and Bauman, C. A. The effect of dietary protein 
upon amino acid excretion of rats and mice. Jour. Biol. Chem. 
166: 417-428. 1946. 

pu VieNeaup, V., Kitmer, G. W., Racueve, J. R., and Conn, M. Meeha- 


nism of the conversion in vivo of methionine to cystine. Jour. Biol. 


Chem. 155: 645-651. 1944. 





ELECTRODE REACTIONS OF ISOLATED CHLOROPLAST 
FRAGMENTS 


H. 8. A. GILMOUR, RUFUS LUMRY anv JOHN D. SPIKES 


DEPARTMENT OF CHEMISTRY AND Division or BroLocy, 
University or Utan, Sarr Lake Crry. Utan 


Received April 17, 1952 


In connection with expeiiments on the lifetime of a postulated light- 
induced metastable compound in chloroplasts, it became necessary to investi- 
gate the effect of illumination on the oxidation-reduction potential of washed 
chloroplast fragments suspended in a solution free of oxidizing or reducing 
agents. Potential changes which were observed upon illumination of such 
systems showed the occurrence of a photo-reduction reaction. This phe- 
nomenon is of interest with respect to electrode reactions. The system was 
free of readily reducible small molecules which indicated that a reaction 
must have occurred between the metal electrode and the large chloroplast 
fragments (all of the fragments were sedimented in 10 minutes at 21,000 « g). 
This reaction appears to be analogous to the Hill reaction in which an added 
oxidant serves to remove the electrons produced in the oxidation of water 
to oxygen gas and hydrogen ion by illuminated chloroplast preparations (5). 
The existence of photo-reducible groups in the chloroplast fragments them- 
selves, as deseribed above, may provide an additional approach to the elueci- 
dation of the mechanism of the Hill reaction. 

Potential changes in the same direction as those reported here have also 
been observed by MacDowaLi (3) who worked with washed chloroplast 
preparations at low oxygen partial pressures. Spikes ef al. (6) reported 
small, essentially irreversible, potential changes towards reduction upon the 
illumination of washed spinach chloroplasts in an unbuffered sucrose solu- 
tion in contact with air. FRraNcK (2) and later TotmMacn (9) measured the 
evolution of oxygen from chloroplasts. The present work describes the oxi- 
dation-reduction reactions of washed chloroplast fragments at electrode 
surfaces. 


Materials and methods 


Chloroplast fragments of Swiss chard (Beta vulgaris, var. Fordhook 
Giant) were prepared, standardized and stored as previously deseribed for 
spinach chloroplast preparations (5). Spinach (Spinacia oleracea) chloro- 
plast fragments were prepared in a similar manner except that they were 
washed a total of four times by resuspending in 0.5 M sucrose and recentri- 
fuging at 21,000 ~ g. 

Changes in the oxidation-reduction potentials of the chloroplast prepara- 
tions were measured in special Warburg vessels provided with small calomel 


and platinum electrodes connected to a Brown Strip Chart Recorder by 


means of an impedance matching circuit as described elsewhere (7). The 
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reaction systems were 0.1 M in potassium phosphate buffer of pH 6.5, 0.01 M 
in KCI, and 0.17 M in sucrose. Each reaction system contained a quantity 
of chloroplast fragments equivalent to 5.1 x 10-7 moles of chlorophyll in the 
vase of chard and 9.1107 moles of chlorophyll in the case of spinach 
unless otherwise specified. Tank nitrogen bubbled through alkaline pyro- 
gallol was passed through the vessels continuously during the course of an 
experiment. The reaction vessels were shaken in a Warburg bath at 15° C 
and were illuminated with incandescent light (20,000 lux) or with ineandes- 
cent light filtered through a gelatin filter which cut out wave lengths shorter 
than 5800 A (8,000 lux). The results obtained were independent of the color 
of light used. 


Results and discussions 


The nature and magnitude of the potential changes which result when 
washed chloroplast fragments are illuminated in the absence of added oxi- 
dizing and reducing agents are shown in figure 1. These changes do not 
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Fic. 1. Curves from Brown Recorder showing photoreduction of washed spinach 
chloroplast fragments suspended in phosphate buffer and sucrose solutions. Chloroplast 
fragment concentration equivalent to 9.3 10°" moles of chlorophyll. Potassium phos- 
phate buffer concentration 0.1M, pH 65. Sucrose concentration 0.17 M Potassium 
chloride concentration 0.01 M. 


primarily result from photogalvanie effects, since the potentials do not re- 
turn to their original values when the illumination is stopped (4). Acecord- 
ing to the convention used in this paper, the potential of a reduetion-oxida- 
tion half-cell is increased if the equilibrium shifts in favor of the oxidized 
form. 
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EXPERIMENTS WITH COATED ELECTRODES 


As the control of the electrode potential by such large particles as the 
microscopically visible chloroplast fragments seemed surprising, experiments 
were performed in which the platinum electrode was covered with a col- 


lodion coating which could be penetrated by small molecules, but not by the 
large chloroplast fragments. Figure 2 shows the potential changes recorded 
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Fic. 2. Brown Recorder trace of potential changes measured by a collodion-coated 
electrode; A. in a solution of buffered chloroplast fragments; B. after the addition of 


8 


potassium ferricyanide. Chloroplast fragment concentration equivalent to 8 « 10-° moles 


chlorophyll. Sucrose concentration 0.17 M. Potassium chloride concentration 0.01 M. 


in the same system with and without the addition of potassium ferricyanide 
when a collodion-coated platinum electrode was used. These curves show, 
apart from a small photogalvanie effect, that this electrode responds to 
illumination only if small carrier molecules, such as ferricyanide are present. 
It is apparent then, that the potential change in the absence of such small 
molecules is due to a shift in the relative concentrations of oxidized and 
reduced forms of unknown constituents of the fragments, located at or near 
the surface of these particles. Chard chloroplast fragments showed photo- 
reduction curves similar to those of spinach preparations. 


PHOTOREDUCTION EXPERIMENTS 


The individual potential versus time plots (fig. 1) resemble in part the 
familiar electrometric titration curve. Normally the inflection point of such 
a plot corresponds to the standard half-cell potential of an oxidant, and 
therefore occurs at the same potential from one experiment to another. 
However, in figure 1 the inflection point potential varies by more than 100 
mv. for different experiments. As the standard half-cell potential of the 
natural oxidant was therefore uncertain, these curves did not lend them- 
selves to interpretation by the method of Spikes ef al. (6). 

The progressive decrease in slope of the lower parts of the potential 
versus time curves (fig. 1) may be due to back-oxidation by oxygen pro- 
duced during the course of the reaction. This assumption is supported by 
the fact that the reaction will not proceed unless the system is continuously 
swept out with purified nitrogen. Photo-inactivation or heat-inactivation 
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‘annot be an important factor here, for the addition of potassium ferricya- 
nide to illuminated chloroplast preparations which had been photo-reduced 
resulted in a rapid photoreduction of the ferricyanide. 


PRE-OXIDATION EXPERIMENTS 


In an attempt to interpret the unusual results presented in the preceding 
section, chloroplast systems were oxidized prior to illumination with some 
oxidant which added no new molecular or ionic species to see if the initial 
steep part of the photoreduction curve could be separated from the region 
where the inflection point occurred. However, none of the agents used was 
capable of performing the necessary oxidation without inactivating the 
chloroplast fragments. Molecular oxygen had no effect. Hydrogen perox- 
ide oxidized the system and the excess peroxide could be removed with either 
manganese dioxide or platinum black. However, both methods left the 
chloroplasts insensitive to illumination. No better success was realized by 
electrolytic oxidation with a large anode and small cathode (8). After such 
an oxidation, the system was unstable and drifted rapidly towards reduction. 


BACK-TITRATION OF PHOTOREDUCED FRAGMENTS 


The nature of the unknown chloroplast oxidant reacting at the electrode 
Was of interest. To determine the amount of oxidant present, light-reduced 
chloroplast fragments were back-titrated with several oxidants. Because 
the potential of these suspensions Was increased upon addition of acid, and 
Was unstable in the acid region, reduced fragments were titrated in a basic 
medium where the potential was more stable and the oxidizing agent finally 
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Fic. 3. Curve from Brown Recorder showing typical potential changes observed 
during an oxidative titration of light-reduced chard chloroplast fragments, buffered at 
pH 8. Point B, 0.6 ml. of 0.00015 M potassium ferricyanide plus 0.4 ml. phosphate buffer 
added. Point C, extrapolated final value of potential after completion of the initial 
rapid reaction. Curve CD, disappearance of potassium ferricyanide in a slow reaction, 
Chloroplast fragment concentration equivalent to 5.1 * 10°° moles of chlorophyll. 
Sucrose concentration O17 M. Potassium chloride concentration 0.01 M. Potassium 
phosphate buffer concentration 0.1 M 
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chosen Was relatively stronger. As photoreduction was slow in basic solu- 
tions, it Was necessary to photoreduce the fragments at a pH of 6.5, and then 
adjust the pH to 8 before titration. 

Various oxidizing agents were tried, including sodium dichromate, potas- 
sium permanganate, p-benzoquinone and potassium ferricyanide. Only the 
latter was considered suitable, and even when using it the back-oxidation 
Was not a simple process. As can be seen in figure 3, on the addition of a 
small amount of ferricyanide the potential changed rapidly in the direetion 
of oxidation and then moved more slowly towards reduction. The possi- 
bility that the shape of the curve BCD (fig. 3) might simply be due to a 
slow reaction between the added ferricyanide and the photoreduced unknown 
oxidant in the chloroplasts was considered, but such a mechanism could not 
explain the relation between the length of BC (fig. 3) and the amount of 
ferricyanide added since this relation was such that the data could be used 
to construct a typical potentiometric titration curve by the method of 
Fieser (1). 

The second possible interpretation of figure 3 was that the following 
reaction sequence Was operative: 


(1) X, + ferricyanide = \,° + ferrocyanide 

(2) X,’> 

where X, is the photoreduced molecule, X,’ is an unstable oxidized produet, 
and Y is its decay product. If reaction 1 is assumed to be rapid and reversi- 
ble, and reaction 2 to be slow and irreversible, the disappearance of X,’ in 
a first-order decay reaction would shift the equilibrium of reaction 1 to the 
right, thus decreasing the ratio of ferricyanide to ferrocyanide. As this 
couple appeared to control the eleetrode, the net result would be a steady 


drift towards lower potentials. However, the observation that for many of 


the curves the same amount of ferricyanide is reduced between two given 
times militates against both these hypotheses. 

A more satisfactory liypothesis is that the rapid initial rise of the curve 
from B to C (fig. 3) results from the rapid reaction of ferricyanide with that 
part of the photoreduced chloroplast material loeated on the surface of the 
fragments, while the gradual fall in the curve from C to D results from the 
reduction of ferricyanide by photoreduced material from the inside of the 
fragments, according to the following reaction scheme in which the asterisk 
indicates a photoexcited molecule, X is the unknown chloroplast redox sub- 
stance, and the subseripts have the following meanings: r, reduced form; 
o, oxidized form; s, molecules on the surface of the chloroplast fragments; 
and i, molecules in the interior of the chloroplast fragments. As the con- 
centration of X,, is kept practically constant at its maximum value by reac- 
tion 5, reaction 6, and consequently the rate of reduction of potassium 
ferricyanide, becomes effectively first order in X,;. 
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chlorophyll — chlorophyll* 
chlorophyll* + X,. — X, + chlorophyll 


X,, + ferricyanide = Xos + ferrocyanide 


, . , 
Xe + ) = Noi + Xes 


Reaction 5 in which the equilibrium between ferricyanide and X,, is 
established rapidly will be considered first by using the type of construction 
shown in figure 3 to determine by extrapolation the potential at point C 
(fig. 3), which is assumed to be the final potential for reaction 5. The data 
from seven experiments performed on photoreduced spinach fragments have 
been plotted in figure 4 to show the relation between the amount of ferri- 
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Fic. 4. Potentiometric discontinuous titration of a rapidly re-oxidizable substance 
in photoreduced spinach chloroplast fragments by the method of Fieser (1). Circles 
represent experimental points; solid line represents a theoretical titration curve for a 
one-electron change. Chloroplast fragment concentration equivalent to 9.3 x 10-7 moles 
chlorophyll. Sucrose concentration 0.17 M. Potassium chloride concentration 0.01 M. 
Potassium phosphate buffer concentration 0.1 M. 


eyanide added and the potential difference between points corresponding to 
B and C in figure 3. As the inflection point in this titration curve was 
approximately the E° value for the ferrocyanide-ferricyanide couple (6) 
it appears that at pH 8, the k° of the unknown substance was below the 
potential to which the system was photoreduced. However, these data could 
still be used to determine the normality of the unknown substance, for the 
volume of added oxidant which would have been necessary to drive this sub- 
stance from, say 90% reduced to 10% reduced when passing through the E°® 
of the unknown substance, is just the value that was needed to drive the 
ferricyanide concentration from 90% reduced to 10% reduced when passing 
through the ferricyanide E°. 

Data from titrations of the less thoroughly washed chard chloroplast 
suspensions were used to calculate the unknown oxidant concentration for 
this material. As it was not practicable in this case to reduce each sample 
to the same potential before adding the potassium ferricyanide, the caleu- 
lations became slightly more involved. In order to interpret the data ob- 
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Fic. 5. Potentiometric discontinuous titration of photoreduced chard chloroplast 
fragments, assuming a one-electron change, and an E° of 0442 mv. Chloroplast frag- 
ment concentration equivalent to 5.1 10°? moles of chlorophyll. Potassium phosphate 
buffer concentration 0.1. M. Sucrose concentration 0.17 M. Potassium chloride concen- 
tration 0.01 M. 


tained from the titration, it was necessary to assume a value for E°, and for 
the number of electrons involved per molecule oxidized. For these assump- 
tions, one could plot the change in per cent. reduced versus the amount of 
oxidant added for various runs, as in figure 5. By repeating the calculation 
using different values for E°, and for both one- and two-electron changes, 
the E° giving the minimum average deviation of the points from the best 
straight line was found. For chard, the ferricyanide E° of 0.442 mv. and a 


one-electron change gave the smallest deviation. Although this method of 
interpretation does not permit a determination of the exact shape of the 
titration curve, as with the spinach data, the average deviation proved to be 
very sensitive to small changes in the E® assumed. Even for the best E* 
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Fic. 6. Reaction of potassium ferricyanide with a slowly oxidizable substance in 
photoreduced chard chloroplast fragments. Data obtained from curves of the type CD 
of figure 3. Different amounts of potassium ferricyanide were added to the photoreduced 
fragments for each of the curves shown. Potassium ferricyanide added at zero time. 
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chosen, however, the average deviation was 12(¢. Chard fragments were 
extremely oxygen-sensitive in their photoreduced state, and it is likely that 
this faet contributed to the large experimental error. However, if our 
assumptions are correct, the calculations gave an approximate value for the 
normality of X,. 

Consider now reaction 6, which proceeds at a slower rate. Figure 6, 
which is a plot of data from curves of the type CD (fig. 3), shows (except 
for the three lowest curves) that essentially the same amount of ferricyanide 
is reduced between two given times for every experiment. One ean therefore 
find an average value for the amount of ferricyanide consumed in a given 
time interval. If the reaction in question is indeed a first order oxidat.-n 
of X,, then it can be shown that 


(A ferrocyanide),? 


- "(A ferrocyanide), — (A ferrocyanide), 
where X, is the amount of X,; present at time t,, (A ferrocyanide), is the 
amount of ferricyanide reduced in the time interval from t, to t; + At, and 
(A ferrocyanide)» is the amount of ferricyanide reduced in the time interval 
from t, to t;+2At. It will be noticed that the three lower curves (fig. 6) 
give slower rates of reduction of ferricyanide. For this reason, calculations 
were performed with data from the top five curves only. 

Once the value of X, was determined, the first-order rate constant could 
be found from the equation: 


ee X 
“OAL ete 


(8) a een 

X, — (A ferrocyanide), 

From a knowlege of X, and k, the amount of X,; present at the time of 
addition of ferricyanide (X,,°) could be found, since X,,° = X,e""'. In this 
manner, a value of 0.68 min.-' was found for the rate constant, and the 
concentration of X,;° was calculated to be 0.17 equivalents per mole of 
chlorophyll. The fundamental data obtained through application of these 
equations are summarized in table I. 


TABLE I 


FUNDAMENTAL CHARACTERISTICS OF CHLOROPLAST 
FRAGMENTS AS CALCULATED. 


Spinach 


Chard 


0.67 


Equivalents X, per mole chlorophyll 0.14 
Equivalents X,j° per mole chlorophyl! 

formed during 40 minutes of 

photo-reduction 0.17 
First order reaction rate constant (k) 0.68 min. 
Rate of reduction of potassium ferricyanide 

(Hill reaction) expressed as moles ferri- 
2.38 
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From the data in table I, it ean be shown that the average rate of for- 
mation of X,;° was about 0.2% of the Hill reaction rate. It is interesting to 
compare this value with the observations of other workers. FRANCK (2) 
measured the rate of oxygen evolution from illuminated chloroplasts as a 
function of time, and reported an initial rate which was about 2% that of 
the Hill reaction. This value decreased in about four minutes to 0.3%. The 
rate of malate formation found by Visuniac and Ocnoa (10) is comparable 
to our rate of formation of X,,°. 

On the basis of the preceding discussion, the hypothesized situation dur- 
ing the photoreduction of chloroplast fragments may now be visualized as 
follows. Two or more naturally occurring redox materials are involved in 
the photoreduction, but only one of the materials may react at the electrode. 
The variation of the apparent E° (fig. 1) from one experiment to another 
can now be explained as due to a non-equilibrium situation; for while the 
molecules X, can react at the electrode, they cannot establish rapid equi- 
librium with X;. The kinetics of such a situation is complicated, and with 
the data presently available no definite confirmation of this suggestion is 
possible. 

It is not, however, too early to suggest that the photoreduction mecha- 
nism involved in these observations is the same as that in the Hill reaction. 
Light produces reduced substances which can be titrated with typical Hill- 
reaction oxidants. Furthermore, unpublished results demonstrate that the 
reducible substances can be alternately reduced and oxidized many times, 
by alternate exposure to light and then to oxygen. Oxygen is a convenient 
oxidant in that it is readily removed from the system by equilibration with 
nitrogen. It is probable that the groups reacting at the electrode are the 
direct chemical species which react with the Hill oxidant. In this connee- 
tion it is interesting to note that the reducible substance is probably part 
of a large water-insoluble molecule. It would be useful to find the standard 
half-cell potential of the unknown and to determine whether it is located 
only at the surface or throughout the chloroplast fragments. On the one 
hand the presence of a secondary and more slowly reducible substance may 
indicate a storage place for reducing power. If so, this substance is not 
reduced in the presence of Hill-reagent oxidants since its rate of reduction 
is slow compared with that of such oxidants. On the other hand the slow 
material may be some substance located on the surface of the chloroplast 
fragments which becomes reducible only when chloroplasts are fragmented. 
In the latter case however, the secondary substances cannot explain the 
general failure to note reduction potentials of the expected order for carbon 
dioxide reduction in Hill reaction systems, for whole chloroplasts exhibit 
this same limitation. 


Summary 


Isolated chloroplast fragments from Swiss chard and from spinach ean 
react reversibly at a platinum electrode. This reaction is not due to small 
water-soluble molecules. 
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A photoreduction of the isolated chloroplast fragments occurs in oxygen- 
free suspensions which may be followed potentiometrically. 

Discontinuous oxidative titration of the photoreduced chloroplast frag- 
ments leads to the conelusion that two substances capable of slowly reacting 
with each other are involved in the photoreduction, but that only one of 
these substances reacts at the electrode. 

The significance of the rapidly reduced substance as the possible inter- 
mediate locus of redueing power in the Hill reaction is discussed. 


This work was supported by grants from the United States Atomic 
Energy Commission and the University of Utah Researeh Fund. 
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Introduction 


Experimental results of Witks and Lunp (4) show that filling isolated 
Avena coleoptiles taken from seedlings 34 to 36 mm. long with Shive’s solu- 
tion reduces the longitudinal electrical polarity from a maximum of 60 to 
less than 10 millivolts. When the solution is removed from the inside of the 
sheath, the original electrical polarity promptly reappears. These observa- 
tions were presented as proof of internal shunting of some of the polar units 
which contribute to the longitudinal electrical polarity of the isolated cole- 
optile. Previously reported data also show that geotropie curvature of the 
Avena coleoptile is inhibited by filling the internal cylinder with an electro- 
lyte such as Shive’s solution (3). The degree of inhibition is directly de- 
pendent on the concentration and specifie conductance of the solution used. 
If it could be demonstrated that such inhibition of curvature is due exelu- 
sively to the shunting effect of the electrolyte, then it would appear that an 
inherent electrical field is a prerequisite for growth curvature responses. 

In the present paper data are presented to show the effects of solutions of 
various monovalent cations (Li, Na, K) on geotropie curvature in an attempt 
to distinguish between the specifie effects of concentration and conductance. 
These ions were selected because equal concentrations of LiCl, NaCl, and 
KC] should have different shunting effects depending on their equivalent 
conductances. 


Materials and method 


Ktiolated seedlings of Avena sativa, Victory Strain (U. 8. Department 


of Agriculture C.1. 2020) were grown and prepared as indicated in previous 


publieations (2, 3). The coleoptiles, which were used in these experiments, 
were isolated from intact seedlings that were 30 + 1 mm. long, perfectly 
straight, and had a well developed root system. A cut was made all the way 
around the coleoptile about 5 mm. apieal to the seed so that the leaves could 
be pulled out of the basal end. The coleoptile cylinders were filled with one 
of the various solutions by the use of a hypodermic syringe with a needle 
tapered to fit snugly into the basal end of the sheath. This technique made 
it possible to foree the solution slowly into the entire length of the coleop- 
tile without excessive mechanical stimulation since only the most basal cells 
came in contact with the needle. After filling, the coleoptiles were placed in 
glass holders such as shown in the inset of figure 1 and were permitted to 
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remain undisturbed in the vertical position for one hour to recover from any 
mechanical stimulation of handling. At the end of this time they were 
placed in the horizontal position for the indicated duration. Geotropic curva- 
tures were measured by following the vertical tip movement with an ocular 
micrometer or by determining the angular curvature at the end of the ex- 
periment. Angular curvatures were measured by the method of JupKins (1) 
or by making shadowgraphs which were projected, and the angles were 
measured with a protractor. 

Electrical conductances of the solutions were measured in the standard 
way using a Kohlrausch Slide Wire (Leeds and Northrup number 4258) 
arrangement and the typical conductivity cell. All conductance determina- 
tions were made at 25° C and all experiments were performed at the same 
temperature. 

Experimental results 

Curve I in figure 1 presents typical data on the upward curvature of 
coleoptiles (average of ten) filled with air and placed in holders containing 
Shive’s solution. This curve may, therefore, be regarded as a control or 
base line for those which follow. The average angular curvature after 60 
minutes in the horizontal position was 35 degrees. Curves I, III, and IV 
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Fic. 1. Upward curvatures of isolated Avena coleoptiles which were placed in the 
horizontal position for 60 minutes. Each curve represents average values of 10 or more 
coleoptiles. Angular curvatures are shown at the end of each curve. Internal cylinders 
were filled with the indicated solutions. Curve I, air; curve IT, 0.01 N LiCl; curve IIT, 
0.01 V NaCl; eurve IV, 0.01 N KCI; curve Ila, 0.05 NV LiCl; curve IIa, 0.05. N NaCl: 
curve IVa, 0.05 VN KCI; curve IIb, 0.1.N NaCl; curve IVb, 0.1.N KCI 
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show the geotropic response of coleoptiles that were filled with O.OL normal 
solutions of LiCl, NaCl, and KC] respectively. The values of the specific 
conductances given in this paper are more accurate than the values given for 
concentrations. No extraordinary precautions were taken in preparing the 
stock solutions and the various dilutions, but the conductivity determina- 
tions were verified to be accurate to within + 1% 

It is noted from curves LIT and IV and the corresponding angular curva- 
tures that 0.01 normal NaCl and KC! solutions both inhibit geotropic curva- 
ture, but the degree of inhibition of the two solutions is practically identical 
which means that the extent of inhibition is the same for solutions with 
specific conductances of 0.0011 and 0.00132. Curve II, from coleoptiles 
filled with 0.01 normal LiC] solution with a specifie conductance of 0.000944, 
presumably indicates that LiCl inhibits geotropic curvature more effectively 
than either NaCl or KC] of the same concentration. When the comparison 
is made on the angular basis, which is the more reliable method of measur- 
ing actual curvature in experiments of this kind, the LiCl] solution produces 
less inhibition than either the NaCl or KCI. (31.9° for LiCl compared to 
27.8 and 26.1°.) This difference in the two methods of measurement ap- 
pears because the zone of curvature of coleoptiles that were filled with the 
LiCl solution is closer to the apex. Under such conditions the apex moves 
a shorter distance for a given angular curvature. This fact must always be 
kept in mind when interpreting data of this kind, 

In the next series of experiments the coleoptiles were filled with 0.05 nor- 
mal solutions of the same salts. The results are given by curves Ila, Ila, 
and 1Va. In general, these curves and the corresponding angular curvatures 
show that the zone of curvature is kept closer to the apex by this concentra- 
tion than by the previous one. This observation is interpreted to indicate 
that the location of the initial bending region is to some extent dependent 
on concentration and specific conductance as well as the nature of the salt 
used. Curves Ila (NaCl) and [Va (KCI) are again practically identical. 
The specifie conductances of the NaCl and KCI solutions were 0.00564 and 
0.00706 respectively. It is relevant to note that 0.05 normal NaCl and KC] 
solutions give about the same average angular curvature as 0.01 normal 
solutions, even though there is about a fourfold difference in the specific 
conductances. Coleoptiles filled with 0.05 normal LiCl] solution with a spe- 


cifie conductance of 0.0046 (curve Ila) show only very slight geotropic 


bending which indicates that LiCl] has extensive effects on curvature re- 
sponses Which are not directly dependent on the specific conductance of the 
solution. 

Curves IIb and IVb and corresponding angular curvatures show the 
inhibitory effects of filling the coleoptiles with 0.1 normal solutions of NaCl 
and KCI with specifie conductances of 0.0106 and 0.0128, respectively 
(Handbook of Chemistry and Physies). These solutions have a more pro- 
nounced inhibitory effect than the next more dilute, but the differences 
between the curves IIIb and IVb and the corresponding angular curvatures 
ure not considered significant. 
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TABLE I 


GEOTROPIC CURVATURE OF ISOLATED AVENA COLEOTILES AS 
AFFECTED BY SPECIFIC CONDUCTANCES OF 0,01 A 
SOLUTIONS OF LiCl, NaCl AND KCl. 


Solution in Specific conduct- Contents of Number Average degrees 
holder ance at 25° C coleoptile of cases curvature 


90 minutes 


Distilled water air 5 52.9 
Licl 0.00094 air 48.5 
NaCl 0.0011 air é 50.3 
KCl 0.00132 air 49.9 
Licl 0.00094 Licl 38.3 
NaCl 0.0011 NaCl : 54.0 
KCl 0.00132 KC] : 48.6 


60 minutes 


Licl 0.00094 Licl 60 28.7 
NaCl 0.0011 NaCl 58 26.0 
KCl 0.00132 KCl 60 26.5 


The data in table I are presented to analyze further the possible rela- 


tionship of specific conductance to curvature. The first four lines in the 
table show the effects of the various salts in the holders only while the cole- 
optiles were filled with air. In these experiments the plants were left in the 
horizontal position for 90 minutes and only angular measurements were 
made using the shadowgraph technique. It was unnecessary to measure the 
apex displacement in this series of experiments because the average distance 
between the curved region and the apex is independent of the salt used when 
the plants are left in the horizontal position for 90 minutes. When the 
holders are filled with distilled water and the eylinders are filled with air, 
the average geotropie curvature obtained is 52.9°. Filling the holders with 
solutions of LiCl, NaCl, and KC] with the indicated conductances causes 
slight inhibition of upward curvature. When both the holders and coleop- 
tiles are filled as noted in the table, LiCl effectively inhibits geotropism. 
The inhibitory effect of this concentration oecurs largely during the last 30 
minutes in the horizontal position rather than during the first 60 minutes. 
Comparison may be made with the angular curvatures corresponding to 
curves II, III, and 1V in figure 1. Since the conductance of the LiCl solu- 
tion is less than that of NaCl or KCI solutions, it is further apparent that 
the inhibitory effect of LiC] is due to properties other than the specifie con- 
duetance of the solution. The data in the last three lines of table I were 
obtained from a series of experiments which duplicate those represented by 
curves II, III, and IV in figure 1. 

Comparison of the angular curvatures attained after 60 and 90 minutes 
in the horizontal position when the coleoptiles were filled with 0.01 normal 
NaCl solution reveals another interesting phenomenon. Data in figure 1 
and table I show that after 60 minutes in the horizontal position, geotropic 
curvature of coleoptiles filled with 0.01 normal NaCl solution is significantly 
inhibited. When the plants are left in the horizontal position for 90 minutes, 
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the inhibitory effect of the NaCl disappears and the coleoptiles attain the 
same magnitude of curvature manifested by the controls. Similarly, there 
appears to be at least a partial recovery from curvature inhibition due to 
0.01 normal KCI during the last 30 minutes in the horizontal position. 
Figure 2 presents summary curves in which average degrees of curvature 
obtained in 60 minutes are plotted against the specifie conductances of the 
various solutions used. It is at once apparent that as the conductance of 
each solution is increased, the magnitude of geotropie curvature inhibition 
also becomes greater, but the increase of inhibition caused by increasing the 
NaCl and KCI solutions from 0.01 to 0.05 normal is very slight. The in- 
creased effects of higher conductances are generally obtained only with 
corresponding increases in solution concentrations. The points on curves IT, 
IIT, and LV, which correspond to a concentration of 0.01 normal, appear to 
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Fic. 2. Inhibition of geotropic curvature of isolated Avena coleoptiles as related to 
specific conductances of various concentrations of solutions of LiCl (curve ID), NaCl 
(curve IID), and KCI (eurve IV) with which the sheaths were filled 


indicate a direct relationship between the exclusive property of specifie con- 
ductance and the magnitude of curvature inhibition. Actually, however, the 
difference between 27.8 and 26.1 degrees (NaCl and KC1) is not signifieant 
as determined by the t test so the indicated relationship is not valid. Curve 
II shows the inhibitory effeets of LiC] which are also dependent on specifie 
conductance and concentration. Comparison of this curve to curves IIT and 
IV further emphasizes the special LiC] effect whieh was previously noted. 


Discussion 


In a previous paper (3) is was demonstrated that inhibition of geotropic 
curvature is dependent on the concentration and specific conductance, but 


is not dependent on the osmotic pressure of the solution with which the cole- 
optiles were filled. Glycerol and various dilutions of Shive’s solution were 
used in the former experiments. The data in the present paper are in general 
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agreement with the previous results. When the solution concentrations of 
LiCl, NaCl, and KCI are increased from 0.01 normal to 0.1 normal, the mag- 
nitude of inhibition of geotropic curvature is extended for each of the salts. 
The specifie conductance of these solutions also increases with concentration. 

In figure 2 the inhibition of geotropic curvature is related to the exelu- 
sive property of specific conductance. The magnitude of inhibition appears 
not to be a function of the selected characteristic of specific conductance of 
the various concentrations of the solutions that were used to fill the cole- 
optiles. The conductance effeets apparently are masked by different types 
of responses to the individual electrolytes that were used. 

A striking phenomenon observed in these experiments is the extensive 
inhibitory effeet of the LiCl solutions, which also is not a function of the 
exclusive property of specific conductance. The possible implications of this 
observation are not apparent at present, but it would appear worthwhile, in 
this connection, to investigate the effects of LIC] on the bioelectrical proper- 
ties of the Avena coleoptile. 


Summary 


kxperiments were performed to test the effeets of various concentrations 
and specific conductances of LiCl, NaCl, and KCI on the geotropie curva- 
ture of the Avena coleoptile. 

The magnitude of curvature inhibition is enhanced as the solution con- 
centration and specific conductance of a given salt are increased, but the 
extent of curvature inhibition is not directly dependent on the exelusive 
property of specifie conductance of solutions of LiCl, NaCl, and KC] from 
0.01 to 0.1 normal. 

xcept for the 0.01 NV solution, when the coleoptiles were stimulated for 
60 minutes, LiCl proved to be the most effective inhibitor of geotropie curva- 
ture. This effect appears to be due to a property of LiCl other than its 
specific conductance. 


This project was supported by the University of Texas Research Insti- 
tute. The Avena seeds were generously supplied by the U. 8. Department 
of Agriculture. 
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Introduction 


Investigations of photochemical reactions in higher plants and other bio- 
logical systems frequently require the irradiation of large areas with well- 
defined regions in the visible and near-visible spectrum. Large glass filters 
or dyed gelatin filters of the Wratten type are costly. Inexpensive theatri- 
cal gelatin filters, dyed cellophane, or other dyed plastics are available, but 
these are limited in variety of spectral characteristics and few of them have 
sharp absorption bands. 

The laboratory preparation of large dyed gelatin films is very inexpen- 
sive. These films are particularly useful for studies in plant photochemistry 
because the transmission bands ean be adjusted to meet the special require- 
ments of each problem. On the basis of laboratory experience and of vari- 
ous reports in the literature (6, 7, 10, 11, 13), the following information is 
presented on the technique of preparation of dyed gelatin films and the com- 
position and transmission data for a few typical filters. In addition, data 
are presented on the transmission of water and solutions of copper sulphate 
and ferrous ammonium sulphate, which are useful as primary filters for the 
removal of the infrared and certain other regions of the visible and near- 
ultraviolet spectrum. 

With water or aqueous solutions as primary filters and dyed gelatin films 
as secondary filters, it frequently is possible to isolate single lines of the 
mercury are spectrum and fairly narrow regions from incandescent lamp 
sources. Since the gelatin films can be prepared conveniently in sizes up to 
at least one square meter, relatively high irradiances can be produced over 


areas of a square meter or more, making it possible to grow mature plants 


with speetral regions that are well defined and sufficiently narrow for many 
physiological studies. 


The dyed gelatin films to be deseribed were prepared by the general 
method of casting hot solutions of dye and gelatin onto plate glass. After 
the layer has gelled, it is allowed to dry. If the glass has been treated 
previously with silicone, the film can be stripped from the casting plate and 
mounted between panes of window glass 


1 Published by permission of the Secretary of the Smithsonian Institution 
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Materials and methods 
PREPARATION OF DYED GELATIN FILTERS 

The stock gelatin solution is prepared from any high-grade, clarified, 
edible gelatin yielding a clear solution free of excessive opalescence. The 
composition for about 1300 mi. of solution is gelatin, 150 gm.; sorbitol, 50 
gin.: sodium benzoate, 1 gm.; and water, 1000 ml. The sorbitol serves as a 
plasticizer and keeps sufficient water in the film to prevent brittleness and 
cracking. It is superior to glycerin or ethylene glycol under conditions of 
varying humidity. Exeess sorbitol produces soft films, especially at high 
humidity. The sodium benzoate serves as a fungicide. The sorbitol and 
sodium benzoate are dissolved in the water; then the gelatin is added and 
the whole is heated in a water bath to about 60° C. It is important that the 
gelatin solution not be overheated as this causes yellowing and appreciable 
absorption in the near-ultraviolet. A foam is formed on the surface but 
gradually disappears if the container is kept covered during heating. Any 
remaining bubbles may be removed with a slip of glass or a piece of filter 
paper but a more effective method is to use an antifoaming agent. A few 
milliliters of N butyl aleohol applied to the surface will cause most of the 
bubbles to break. A silicone product, Antifoam A (Dow Corning Corpora- 
tion, Midland, Michigan), is very active when applied as a 0.5% solution in 
benzene or ethyl ether or in a mixture of 25% benzene and 75% butyl aleo- 
hol. When using the solvent mixture, it is necessary to dissolve the Anti- 
foam in the benzene first and then add the butyl aleohol. A few milliliters 


of this solution may be added to the dye-geiatin solution at almost any 


stage where bubbles or foam are problems. 

The gelatin filters are specified in terms of the amount of dye in a unit 
area of a standard film of gelatin. The formulas of tables I and IT give the 
grams of dye per 1000 em.? of surface when using 100 mil. of stock gelatin 
solution containing the requisite amount of dye. Only water-soluble dyes 
are suitable for use in gelatin films requiring sharp transmission bands. The 
three most useful classes of dyes are the basie, acid, and substantive or 
direct cotton dyes. The biological stains as a elass are useful but lack the 
variety Which is available in commercial fabric dyes. Often biological stains 
are available in a relatively inexpensive form as fabric dyes under various 
trade names. 

The Society of Dyers and Colourists (12) presents material whieh con- 
tains information on the chemical strueture and properties of the older com- 
mercial dyes and the various names which have been used for each. Conn 
(2) gives similar information on those dyes used as biological stains. The 
various older and newer editions published by the American Association of 
Textile Chemists and Colorists (1) are especially useful as references to 
those dyes of American manufacture available during the year of issue. 

The dye solution is prepared by dissolving the required amount of dye 
in hot distilled water of a volume equal to that of the stock gelatin solution 
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to be used. Acid or alkali is added to prevent precipitation of the gelatin, 
resulting in cloudy films. About 0.3 ml. of ammonium hydroxide per gram 
of acid dye or 0.3 ml. of glacial acetic acid per gram of basie dye usually is 
adequate. In general, acid and basie dyes, when mixed in the same film, 
produce cloudy films. There are some exceptions, however. 

Many dyes are variable mixtures of a homologous series, together with 
colorless inorganie diluents. Consequently, different lots from the same 
manufacturer may not yield the same results. It always is necessary that 
each lot of dye be analyzed with a speetrophotometer and the proportions 
adjusted to give the desired filters. For the testing of new lots of dye or of 
new dye combinations, it is convenient to cast the films on lantern slide 
cover glasses. 

The casting of films should be done on plate glass of about 6 mm. thick- 
ness for sizes up to 40 em. square. For larger sizes, 9 to 12 mm. thicknesses 
should be used for sufficient rigidity. The following details are given for 
9 mm. plate glass, 64 em. square. Such a casting plate yields trimmed filters 
60 cm. «60 em. The casting plate must be mounted on another smaller 
piece (ea. 60 « 60 em.) of plate glass, with thin felt or blotting paper be- 
tween them to give uniform support and to prevent sagging. The mounting 
plate is first carefully leveled and raised slightly off the bench top by using 
thin slips of glass or shimming brass. The casting plate is cleaned with 
alcohol, and a narrow strip of masking tape is applied to the edges so as to 
cover from 1 to 2 em. of the outer edge of the top surface. The remaining 
inner surface is then coated with a thin layer of a silicone fluid (5, 8) con- 
taining unhydrolyzed methyl! chloro-silanes which hydrolyze on exposure to 
a humid atmosphere, with the release of hydrochloric acid, to yield a sili- 
cone. A 5% solution of Dry Film SC-87 in benzene (General Eleetrie Com- 
pany), or Beekman Desicote, is very satisfactory for this purpose. Silicone 
oils or grease (11) have not proved nearly so effective in preventing the 
adhesion of the gelatin film to the glass. 

The silane solution is applied with a cotton swab and all the excess 
polished off with a cloth. It is important that the masked edge remain un- 
treated in order that the gelatin film in drying may adhere at the edge and 
not shrink. The vertieal edges of the plate also should be treated with 
silane as this helps to prevent the hot solution from flowing over the edge 
of the glass. If it starts to run over, surface tension causes it to break 
readily. After the application of the silane, the masking tape is removed 
and a band of thinned gelatin solution or glue is painted on the edge. This 
band is not absolutely essential, but materially helps in holding the edges 


of the gelatin film to the edges of the easting plate during drying. 


The solutions of dye and gelatin are heated separately to about 60° C in 
a beaker, mixed, and the surface bubbles removed. The casting plate should 
be warmed slightly. A bank of nine 75-watt internal reflector lamps mounted 
on a suitable panel is satisfactory for warming the casting plate. The mix- 
ture then is poured gently down a large glass rod onto the center of the plate 
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so as to prevent splashing and the formation of more bubbles. The liquid 
will have to be teased to the edges of the plate with a glass rod or a piece of 
thin glass since the silicone surface tends to make the solution pull into the 
center of the casting plate. When the mixture touches the outer untreated 
edge, it adheres and will not pull away while drying. If the silicone has 
accidentally reached the edge of the glass and the solution does not adhere, 
alcohol can be used to remove some of the silicone, or gentle rubbing with 
a glass rod will frequently cause adhesion. 

The films are dried in a dust-free room of low humidity with gentle 
circulation of air. Violent air movement before gelation will disturb the 
surface. Usually the films will dry within 8 to 12 hours, after which they 
ean be stripped from the plate by loosening from the edge or cutting them 
out with a razor blade. The films should be stored in a dry environment 
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Fic. 1. Per cent. transmittance of liquid water. The numbers on the curves refer 
to centimeters of path length 


between layers of paper. If the relative humidity is high and the films tend 
to absorb moisture, a thin film of a clear plastic coating, sueh as Krylon, 
may be applied from a pressurized dispenser. After stripping, the films ean 
be mounted between panes of window glass treated on the inner surface with 
a silane to prevent adhesion of the filter. The films should be eut exactly 
equal to the size of the glass to be used and mounted with masking tape to 
prevent light leakage around the edges of the assembly. 


Results and discussion 


PRIMARY FILTERS 


Organie dyes gradually fade to leuco-compounds on intense irradiation, 
and dyed gelatin films deteriorate rapidly at temperatures above 50° C. In 
addition, all organie dyes transmit freely in the near-infrared; most of the 
blue and green dyes absorb little beyond 680 to 720 mp. A few dyes such as 
naphthol green B can be used in high densities to absorb the red and near- 
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infrared up to 800 or even 900 my, but such infrared absorption is rare. 
Therefore, it usually is necessary to use a primary filter of water or solu- 
tions of copper sulphate or ferrous ammonium sulphate to remove the near- 
infrared and most of the radiated energy of the lamp source, especially for 
incandescent sources. 

The spectral transmittance data for liquid water are given in figure 1. 
These curves were plotted from the original tables of Curcio and Perry (3), 
who very kindly supplied the authors with their laboratory data. Since 
water is a single component system and is being compared to air, the values 
are per cent. transmittance as a function of wave length, in accordance with 
the recommended nomenclature (4). Primary filters have been used in vari- 
ous thicknesses of from 1 to 30 em. A l-em. layer of water alone absorbs 
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Fic. 2. Per cent. transmittance of various concentrations of ferrous ammonium 


sulphate in a path length of 10 centimeters. The solutions were prepared in 2% sul- 


phuric acid. The concentrations were 30, 70, 150, and 300 grams per liter of solution as 
indicated on the solid curves. The upper dashed curve is for water; the lower dash-dot 
curve is for 300 gm./l. solution exposed to the air for two weeks 


nearly all the energy beyond 1400 mp. For a 10-em. layer, the cut-off is 
about 1150 mp and at 30 em. about 950 mp. For most large filter appliea- 
tions, a 10-cm. thickness of primary filter is a good compromise and is rela- 
tively easy to cool and maintain, especially in open tanks 

The per cent. transmittances (including water absorption balanced against 
air) of a path length of 10 em. for various concentrations of ferrous ammo- 
nium sulphate in 2.0% sulphuric acid (9) are given in figure 2. The per 
cent. transmittancies (balanced against water) of a path length of 10 em. 
for various concentrations of copper sulphate in 0.5% sulphurie acid are 
shown in figure 3. All concentrations are in grams per liter of solution. The 
copper sulphate data in figure 3 are presented as transmittaney and do not 
include water absorption. Therefore, the copper sulphate data ean be extra- 
polated to other concentrations and thicknesses by the application of the 


Bouguer-Beer law. For cells of 10 em. or less, water absorption may be 
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neglected between 350 and 680 my, with an error of less than 5%. These 
data were obtained with reagent chemicals using a Beckman spectropho- 
tometer calibrated against solution standards (4). 

Since ferrous ammonium sulphate oxidizes rapidly to the ferrie form in 
open cells exposed to the air, it is necessary to retard the rate of oxidation 
by adding a small amount of clean iron wire to the acidulated solution. In 
figure 2 are given transmission data of a fresh solution of ferrous ammonium 
sulphate at 300 gm./l. and the same solution after exposure to the air for 
two weeks. There is little change in the red end of the transmission band, 
but oxidation seriously attenuates the shorter wave lengths. When iron 
wire is added, the rate of deterioration is retarded very markedly. Ferrous 
ammonium sulphate is especially useful in conjunction with long wave pass 
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hic. 3. Per cent. transmittancy of copper sulphate in a 10-centimeter path length 
at the concentrations indicated in grams per liter of solution made up in 0.5% sulphuric 
acid. 


gelatin films for isolating narrow red bands in the region of 650 to 700 my. 
Copper sulphate is more practical for shorter wave lengths and may be used 
up to 700 my if it is possible to tolerate low transmission maxima. 


COMPLETE FILTERS 


In table I and figure 4 are given the composition and transmission data 
for a few long wave pass secondary gelatin filters. These filters may be 
used for narrowing the transmission bands of other filters. Those filters 
with limits in the red are especially useful when combined with copper sul- 
phate and ferrous ammonium sulphate solutions. It will be noted that the 
red long wave pass filters usually involve a blue or green dye combined with 
an orange or yellow dye, the latter to block out the blue or green trans- 
mission bands of the former. 

In table II and figure 5 are presented the composition and per cent. 
transmittance of a few band pass filters. These values are for the complete 
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Fic. 4. Transmittance of long wave pass dyed gelatin filters of the composition 
give n in table I. 


combination of primary and secondary filters. Reflection losses are not 
included, however. 

For highly critical work where, for example, a photochemical reaction 
is being excited in a region of low effectiveness, as would be the case at the 
limits of the aetion spectrum, the possible presence of film irregularities, 
such as pinholes or low density areas, becomes serious. In order to mini- 
mize the effect of such irregularities the filter may be cast in two or three 
films with each film having a half or a third of the total dye and gelatin. 
Sufficient additional water is added to allow the solution to flow over the 
casting plate. This system is useful also for very high density filters in 


which one film cannot carry the full complement of dye without clouding. 
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table II 





PLANT PHYSIOLOGY 


TABLE I 
COMPOSITION OF LONG WAVE LENGTH PASS FILTERS. 


Secondary filter of 


Short dyed gelatin film 


wave length 
limit 


Symbol in 
figure 4 
Density Name of dye 
mu gm./1000 cm.? 
350 1.0 2-Naphthol-6,8-disulphonic acid, 
sodium salt (G salt) 
375 0.5 Esculin* 
420 2.0 8-liydroxyquinoline sulphate 
470 0.5 Picric acid* 
520 2.0 lTartrazine 
545 1.0 lartrazine 
1.0 Orange G 
565 0.5 Chrysoidine \ 
605 0.7 Pontamine fast red 8 BL 
620 2.0 Pontamine fast red 8 BL 
0.3 Pontacyl green BL extra conc. 200% 
0.7 Pontamine fast red 8 BL 
0.4 Acid green No. 1854 New** 
0.5 Pontamine fast red 8 BI. 
1.0 Acid green No. 1854 Newt 
0.5 Pontamine fast red 8 BL 
765 1.5 Pontamine fast blue 4 GL conc. 150% 
0.5 Pontamine fast red 8 BL 


820 3.0 Pontamine diazo blue NA conc. 200% 
O 930 1.5 Naphthol green B extra conc. 125% 
0.5 Pontamine fast red 8 LL 


*Esculin and picric acid are dissolved in 95% alcohol prior to mixing with 
gelatin stock solution. 

**Acid green no. 1854 New was especially prepared by DuPont; Pontacy! bril- 
liant blue fk (1.5 gm./1000 cm.?) may be substituted in filter K. 

tPontamine sky blue FF extra conc. 150% (1.5 gm./1000 cm.?) may be substituted 
in filter L. for Acid green no. 1854 New. 


NEUTRAL FILTERS 

When working with very low irradiances, it is frequently necessary to 
attenuate the source intensity by a precisely known factor. Small reduc- 
tions may be obtained by the use of panes of diffusing glass or woven wire 
cloth. For large factors of 10 or more, neutral filters are more practical. 
These filters are prepared by adding graphite suspensions such as aquadag 
or India ink to the gelatin solution. Such filters transmit uniformly through- 
out the visible and near-ultraviolet spectrum with slightly decreasing trans- 
mittance with decreasing wave length in accordance with the laws of small 
particle seattering. Such neutral filters have little skewing effeet on the 
transmission bands when used in combination with other filters 
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TABLE II 
COMPOSITION OF BAND PASS FILTER SYSTEMS. 


Primary filter Secondary filter of 
Symbol in Wave length 10 cm. aqueous dyed gelatin film 
figure 5 limits Tess i 


Concentration 


mu em, /l, 


Density Name of dye 


gm/1000 cm,? 


340=395 100 CuSO, *° 5 H,0 0.5 New Fuchsin 
(1 cm. 
aqueous 
soln.)** 
325=445 CuSO, * 5 H,0 New Fuchsin 
345=490 CuSO, * 5H,0 Victoria pure 
blue BO 
Crystal vio- 
let extra 
pure APNX 
410-510 CuSO, ° 5 H,0 Victoria pure 
blue BO 
8-Hy droxy- 
quinoline 
sulphate 
465-560 CuSO, * 5 H,0 ¢ Picric acid 
510-620 CuSO, ° 5H,0 . Naphthol 
green B 
extra conc. 
25% 
Tartrazine 
545-690 CuSO, * 5 H,0 Tartrazine 
Orange G 
620-800 Fe(NH4)3(SO,), * 6H,O Pontamine 
fast red 8 
BL 
Fe(NH4)3(SO4), ° 6H,O 4 Pontacyl 
green BI, 
extra conc, 
200% 
Pontamine 
fast red 8 
BL 


*All primary filters were prepared in a solution of 0.5% sulphuric acid. 
**This filter has not been prepared satisfactorily in gelatin. 


Summary 
The preparation of large dyed gelatin filters 60 em.? is described. Details 
are given for the preparation of dyed gelatin solutions, the casting of the 
solutions onto plate glass treated with silicones, stripping of the films from 
the glass, and mounting. Transmission curves are presented for typical 
gelatin filters and for various concentrations of solutions of copper sulphate 
and ferrous ammonium sulphate as primary infrared filters. 


The authors wish to express their indebtedness to Dr. H. M. Benedict, 
who spectrophotometrically analyzed many of the hundreds of dyes which 
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have been examined, and to Mr. Ek. Horowitz, who suggested the use of iron 


wire for stabilizing the ferrous ammonium sulphate solutions. 
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A dehydrogenase catalyzing the oxidation of glucose-6-phosphate by tri- 
phosphopyridine nucleotide (TPN) has been shown to be widely distributed 
in higher plants (2,5). This finding suggested that plants might form pen- 
tose by a TPN-dependent, two-step oxidation sequence similar to that already 


deseribed in other organisms (6, 8,17) and shown in equations 1 and 2 


(1) —glucose-6-phosphate + TPN’ + H.O 
— 6-phosphogluconate +» TPNH + 2H 
(2)  6-phosphogluconate » TPN’ 
—— pentose phosphate » CO. + TPNH 
This paper presents evidence that enzyme systems catalyzing reaction 
(2) are widespread in higher plants. After this work was started, evidence 
for the presence of such enzymes in peas and spinach was presented by 
AXELROD and BANbDURSKI (3). 


Materials and methods 

The barium salt of 6-phosphogluconate was prepared according to the 
method of SEEGMILLER and Horecker (18). Solutions were prepared for use 
by dissolving the material in HCl, removing the barium with potassium 
sulphate, and adjusting the pH to 7.4.) Various samples of barium phospho- 
gluconate contained 1.7 to 2.0 pM of organic phosphorus per mg. and 0.01 to 
0.03 »M of inorganic phosphorus per mg. The fruetose content, according 
to the method of Ror (16), was not more than 0.03 »M per mg., and the 
glucose-6-phosphate content, according to assay with glucose-6-phosphate 
dehydrogenase (11) was 0.08 to 0.13 pM per mg. of the barium salt. The 
phosphogluconate content was calculated from the organie phosphorus con- 
tent, after correction for the impurities. Ribose-5-phosphate was prepared 
by acid hydrolysis of adenylie acid or adenosine triphosphate according to 
the procedure described by LePace and Umprerr (12) and ALBAUM and 
Umpreit (1). A preparation of TPN’ of 70% purity was generously sup- 
plied by Dr. M. A. Mitz of Armour Laboratories. Oxidized glutathione 
(GSSG) was purchased from Scliwartz or was prepared by oxidizing GSH 
with HO, as previously described (5). Tris (trishydroxymethyl amino- 


' Fellow of the American Cancer Society, Inc. (recommended by the Committee on 
Growth of the National Research Council). Present address: Department of Physiol- 
ogy, University of Texas, Galveston, Texas 

* Present address: Division of Plant Nutrition, University of California, Berkeley, 
California 
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methane) was purchased from Commercial Solvents Corporation and re- 
crystallized from an acetone-water mixture. Pentose was determined accord- 
ing to the method of Mespaum (13). The change in optical density was 
measured at 660 my, after heating in a boiling water bath for 25 minutes. 
Standards were made from p-ribose. 

Except for the case of wheat germ and turnip root, the enzyme prepara- 
tions were made by grinding the plant, with sand if necessary, but without 
the addition of water. Leaves were ground in the frozen state; fruits and 
roots were peeled and ground in a meat grinder. The coarse solids were 
strained off through cheesecloth and the smaller particulate matter was 
removed by centrifugation in the cold at 22,000«g. All extracts were 
dialyzed against 0.025 M phosphate buffer (pH 7.4) for 24 hours at 3° C. 
Turnip root was peeled and ground in a meat grinder. The pulp was frozen 
with an equal volume of water, thawed, and squeezed through cheesecloth. 
Centrifugation and dialysis were then carried out as before. Dialyzed water 
extracts of wheat germ prepared as previously described (5) gave a high 
value in the oreinol test for pentose which was a disadvantage when accu- 
rate determinations of pentose formation were desired. A fractionation pro- 
cedure was devised which gave a protein preparation which was rich in 
enzymes, but contained relatively little nucleic acid. This wheat germ pro- 
tein fraction will be referred to as the WP preparation. 

Wheat germ was extracted for 30 minutes at room temperature with four 
volumes of distilled water. The extract was strained through cheesecloth 
and centrifuged at 20,000 « g. for 20 minutes at 4° C. All subsequent opera- 
tions were carried out in a cold room at this temperature. The supernatant 
was treated with MnCl, to remove nucleic acid, by a modification of the 
method deseribed by KaurMan ef al. (10). For each liter of extract, 20.4 
ml. of 10M MnCl, were added slowly with stirring. The solution, which 


had a final pH of about 5.5, was allowed to stand overnight. The heavy 
precipiate which formed was centrifuged off at 3,000 « g. The supernatant 
was stored at — 15° C for 48 hours, thawed rapidly and centrifuged again at 


20,000 « g. for 20 minutes to remove additional precipitate which had ap- 
peared. The pH was adjusted to 7 with concentrated NH,OH, and 250 gm. 
of solid (NH4).804 were added slowly for each liter of solution. Meechani- 
cal stirring Was used during these operations, and the pH was kept at 7 by 
further addition of NH,OH. After 24 hours, the bulky precipitate was 
centrifuged down and disearded. To each liter of supernatant, 75 gm. of 
(NH,)280, were then added with stirring. The precipitate was centrifuged 
down and dissolved in a minimal volume of 0.025 M phosphate buffer, 
pH 7.4, and dialyzed with stirring against the same buffer to remove the 
(NH4).S80,4. The final volume was about 260 ml. of protein solution for 
every kilogram of wheat germ originally employed. The original extract 
contained about 30 mg. dry weight per milliliter after dialysis. Measure- 
ment of the ratio of the optical densities at 280 and 260 my indicated that 
about 13° of this material was nucleic acid (19). The amount of nucleic 
acid removed by the MnCl, treatment varied in different preparations, but 
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it was always possible by repetition of the procedure to bring the nucleic 
acid content down to about 1% or less. The final dry weight of this WP 
preparation Was about 40 mg. /ml. 


Results 
DEMONSTRATION OF PHOSPHOGLUCONIC DEHYDROGENASE 


All of the plant preparations contained the enzyme glutathione reductase 
(2, 5), which catalyzes the reaction shown in equation 3. 
(3) GSSG + TPNH + H' —> 2GSH + TPN 
This system may be coupled with any reaction in which TPN is reduced, 
such as the reactions shown in equations | and 2. The presence of phospho- 
gluconic dehydrogenase, therefore, could be easily detected by demonstrating 
that GSSG was reduced when phosphogluconate, GSSG, and a catalytic 
amount of TPN were incubated with the plant preparation to be tested. 
Table I contains representative results obtained with enzyme preparations 

TABLE I 
REDUCTION OF GLUTATHIONE BY 6-PHOSPHOGLUCON ATE. 


GSSG reduced 

Amount of -». Phosphogluconate - — — 
Time ; : 

extract added Complete Phosphogluconate 

system omitted 


Source 


3 | 
~ 


min. jumoles jimoles 

45 + : 0.2 
30 10.0 ae 0.2 
30 10.0 - 0.1 
30 5.0 Bed 0.3 
30 5.0 0.0 
45 10.0 oa 0.1 
60 10.0 a 0.3 


~ 
= 
a. 2 
nu 


Wheat germ 
Cantaloupe fruit 
Parsley leaf 
Spinach leaf 
Parsnip root 
Cucumber fruit 
Turnip root 


. 
_ 
—) 


ee | 
. e 


. 


Anod 


made from seven different sources. Enzyme and phosphogluconate were 
incubated at 30° C in 3.7 x 10°? M tris buffer of pH 7.4 with 9 »M GSSG 
and 30 y TPN; total volume, 2.7 ml. The reaction was stopped by the addi- 
tion of 0.3 ml. 20% HPQOs, the precipitate was centrifuged down, and an 
aliquot of the supernatant was titrated with iodate as previously deseribed 
(2, 5). The enzyme preparation of wheat germ was the dialyzed water 
extract. The enzyme preparation of cucumber fruit consisted of the dia- 
lyzed juice concentrated to one third of the original volume by drying in the 
frozen state. Controls were always run in which TPN, GSSG, and phospho- 
gluconate were omitted separately. The first two controls were uniformly 
low and therefore have not been included. The third control without sub- 
strate is given because it sometimes reaches an appreciable value. 

No negative results were obtained in these experiments. Considerable 
quantitative variations were found, however, even with different prepara- 
tions made from the same source. The figures must not be regarded as a 
quantitative measure of the amount of phosphogluconic dehydrogenase pres- 
ent in the plant, except in the sense that they set a minimal value (2). 
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Phosphoglueonic dehydrogenase was also demonstrated spectrophoto- 
metrically by measurement of the increase in light absorption at 340 mp 
when enzyme and substrate were incubated with TPN. The results con- 
firmed the conclusions reached on the basis of the titration procedure. The 
specificity of the enzyme for pyridine nucleotide was likewise tested speetro- 
photometrically. No evidence for any reduction of diphosphopyridine 
nucleotide by phosphogluconate was ever found, even with enzyme mixtures 
that caused an almost immediate reduction of 0.2 »M of TPN. 


PENTOSE AND CO. PRODUCTION FROM PHOSPHOGLUCONATE 
In another series of experiments, analyses were made for pentose and 
CO, formed during the reduction of GSSG by phosphogluconate. Repre- 
sentative results of these experiments are shown in table IT. 
TABLE II 


COMPARISON OF GLUTATHIONE REDUCTION WITH 
FORMATION OF PENTOSE AND CO). 


Amount of 


extract 


GSSG CO, Pentose 
reduced formed formed 


Source 


Time 
ml. pimoles jumoles jumoles 

Wheat germ (WP) 0.3 45 8.6 6.0 5.6 

Cantaloupe fruit 1.0 5 i? 1.3 


Parsley leaf 10 
20 


= 
~~ 
—_ 


uw 


an 


i 
~ 
~ 


Spinach leaf ; 15 
45 
90 


3. 
De 
6. 
l. 
l 

2. 


— ho oe 
° a. -. © 


. 


Cucumber fruit ‘ 15 
30 
60 
Turnip root 20 
40 
60 


IO bo 


_—— © 

AUn &ew K OHI 
—mwo PAW 
ler CN NNS 


The reactions were carried out in double arm Warburg vessels in an 
atmosphere of Ne, with yellow phosphorus in the center well. Reaction 
mixtures were identical with those described for table I, except that 10 »M 
of phosphogluconate were used in all cases. After incubation, 0.3 ml. of 
20% HPO; was tipped in, and the CO. formed during the reaction was 
ealeulated by the standard procedure, with corrections for CO, initially 
present. The contents of the vessels were centrifuged, and aliquots of the 
supernatants were used for pentose and GSH determinations. The results 
recorded in table I] have been correeted for the small amounts of GSSG 
reduction, and pentose and CO, formation which occurred in the absence of 
added phosphogluconate. With most of the sources studied, the course of 
the reaction was followed with time, and a number of these experiments 
have been included. 

In all instances where a given enzyme preparation catalyzed a reduction 
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of GSSG by phosphogluconate, CO, and pentose were found to be reaction 
products, but the amounts of CO, and pentose formed were always smaller 
than the amount of GSSG_ reduced. 


The above discrepancies might be 
accounted for both by the formation of pentoses with orcinol spectra differ- 
ent from that of ribose, and by the further metabolism of the pentose. The 
orcinol spectra of the reaction products was, therefore, examined. The pars- 
ley leaf preparation and the WP fraction from wheat germ were selected for 
these studies, since preliminary experiments indicated that they give quite 
different results. With parsley, an absorption maximum at 660 my was pre- 


dominant at 10 minutes, but in succeeding time intervals, the speetrum 
shifted to give a peak at about 580 mp. The absorption maximum at 660 
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.280 
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@--0--@ 
6. 








| a | 1 


500 540 580 620 660 700 
WAVELENGTH IN MLL 





Fic. 1. The absorption curve shown for parsley was determined on a filtrate from 
a mixture set up as in table II for a 40-minute incubation period. The one for wheat 
germ was obtained from a mixture comparable to that in table IL except that 0.5 ml. 


enzyme was used and the incubation time was 30 minutes. Absorption spectra were 


obtained from mixtures incubated with and without phosphogluconate. The curves 
represent the differences between these spectra. 
nip is characteristic of pentoses, and the seven-carbon sugar, sedoheptulose, 
has been reported to give a maximum at 600 mp (9), whereas hexoses give 
absorption at shorter wave lengths. The orcinol spectra obtained with pars- 
ley indicated, therefore, that a pentose product formed initially was further 
metabolized, possibly in part to sedoheptulose. With wheat germ, on the 
other hand, there was a steady rise of the band at 660 mp with no decline 
at later time intervals. The pentose which was formed was apparently not 
further metabolized. Figure 1 shows the characteristic difference in the 
orcinol spectra finally observed with the enzymes from the two sources. 
Positive results were obtained when the qualitative color test specifie 
for the seven-carbon ketose (4, 14) was applied to the incubation mixture 


with parsley leaf enzyme, but not with wheat germ. The spectral changes 
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of the oreinol test and the results of the heptulose color test suggested that 
the parsley leaf preparation contained an enzyme system metabolizing pen- 
tose in a manner similar to that described by HoreckER and SMyRNIOTIS (9). 
Such a system appeared to be absent in the wheat germ preparation. The 
action of the enzymes on ribose-5-phosphate was further investigated in 
order to obtain confirmation of these conclusions. 


RIBOSE-5-PHOSPHATE BREAKDOWN 


No action of the wheat germ WP preparation on ribose-5-phosphate 
could be detected. When ribose-5-phosphate was incubated with the parsley 
leaf enzyme, however, pentose disappeared, as shown by the decrease in the 
oreinol absorption band at 660 mp. Furthermore, a reduction of GSSG 
occurred when TPN and GSSG were incubated with ribose-5-phosphate in 
the presence of the enzyme. For example, when 5 uM of ribose-5-phosphate 
were incubated with one ml. of enzyme for 30 minutes, 3.5 »M of pentose 
disappeared and 1.6 »M of GSSG were reduced. The oxidoreduction was 
not required for pentose breakdown, since pentose disappearance was almost 
as great in the absence of GSSG and TPN as in their presence. The de- 
crease in the 660 mp absorption band was accompanied by an increase in 
absorption at about 580 mp. At the same time the qualitative heptulose 
color test became positive. These results confirmed the experiments done 
with phosphogluconate, and showed further that TPN could be reduced by 
pentose phosphate or by some product derived from it. A parsley leaf 
preparation in which glucose-6-phosphate dehydrogenase had been com- 
pletely inactivated was still able to cause a reduction of GSSG in the pres- 
ence of ribose-5-phosphate and TPN. This observation ruled out the possi- 
bility that the reduction of GSSG observed with ribose-5-phosphate might 
be due to an indirect formation of glucose-6-phosphate from pentose phos- 
phate (15). Sapte (17) found that yeast preparations formed triose phos- 
phate from ribose phosphate; and Horecker and SMyrNiotis (9) found that 
when sedoheptulose phosphate was formed from pentose phosphate with a 


liver enzyme preparation, triose phosphate also appeared. The possibility 
that the reduction of GSSG in the TPN-ribose-5-phosphate system might be 
due to a TPN-triose-phosphate dehydrogenase was therefore entertained. 


Such an enzyme has been found by Gisps (7) in pea leaves. However, the 
coupled reduction of GSSG_ by ribose-5-phosphate in the presence of the 
parsley leaf enzyme was completely uninfluenced by arsenate. A similar 
coupled reduction of GSSG independent of arsenate occurs with fructose 
disphosphate in the presence of the enzyme of parsley leaf and will be 
further deseribed in a subsequent paper. 

Discussion 


The wide distribution of phosphoglueconic dehydrogenase and glucose- 
6-phosphate dehydrogenase in higher plants suggests that this oxidative 
degradation of hexose occupies a significant position in plant carbohydrate 
metabolism. The problem of the further metabolism of pentose in these 
sources has been sketchily investigated in the experiments described in this 
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paper, and the presence of enzyme systems metabolizing pentose was proved 
only for the case of the parsley leaf. The data in table Il show, however, 
that with both spinach leaf and cueumber fruit, an initial rise in pentose 
formation from phosphogluconate was followed by a decrease on further 
incubation. This may be regarded as indirect evidence that these tissues 
likewise metabolize pentose. AXELROD and BANDURSKI (private ecommuni- 
cation) have demonstrated pentose disappearance and sedoheptulose forma- 
tion with spinach leaf enzyme. 

The discrepancies in the stoichiometry shown in the results of table II 
could be partially explained by further metabolism of pentose. Such an 
explanation, however, could not account for the data obtained with wheat 
germ. The failure to demonstrate pentose breakdown in the ease of the 
wheat germ preparation may have been due to inactivation of the enzymes 
during the procedure employed to lower the pentose content of extracts from 
this source. 


Summary 


A phosphogluconie dehydrogenase dependent on TPN has been demon- 
strated in wheat germ, cantaloupe and cucumber fruits, parsley and spinach 
leaves, and parsnip and turnip roots. Since all plant sources tested con- 
tained glutathione reductase, the oxidation of phosphogluconate Was coupled 
with the reduction of GSSG, and pentose orcinol-reacting material and CO, 
were shown to be formed as products of such reactions. The stoichiometry 
indicated the occurrence of other reactions in addition to the oxidation of 
phosphogluconate to pentose and COs. A preparation from parsley leaves 
caused a disappearance of ribose-5-phosphate, with an appearance of the 
qualitative test for seven-carbon ketoses, and an unidentified TPN depend- 
ent oxidative step. 


This project was aided in part by a grant from the American Cancer 
Society on recommendation by the Committee on Growth of the National 
Research Council and by a grant from the Dr. Wallace C. and Clara A. 
Abbott Memorial Fund of the University of Chicago. The authors are 
indebted to General Mills, Inc., Minneapolis, Minnesota, for a generous 
supply of 8-50 wheat germ. 
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Typical frenching of tobacco (Nicotiana tabacum L.), as described by 
Wo tr (8), is recognized as producing short internodes, loss of apical domi- 
nance, and the development of a rosette of many leaves (polyphylly), giving 
a witches’-broom effeet. The first symptoms appear as a pinhead chlorosis, 
followed by very chlorotic, newly developing leaves which narrowly elongate 
with wavy margins. It is possible that the tobacco plant (Vicotiana taba- 
cum L.) is the best indicator plant to determine the presence of the frenching 
factor in the soil. This peculiar development of the leaves of tobacco has 
never been found to be associated with a pathogenic bacterium, a fungus, or 
a virus. It is generally recognized as a nonparasitie disease and therefore 
considered physiological. STENBERG (5, 6) has worked with many tobaeco 
soil organisms which are not considered pathogenie but which might produce 
a diffusate sufficiently toxie to produce the symptoms of frenching. One of 
these, Bacillus cereus Frankland and Frankland, was found to be capable of 
producing the frenching symptoms. SrTeinperG (7) has found this organism 
to be present in greater numbers in the rhizosphere of tobacco in soils that 
contained frenched tobacco than in the soils with normal plants. 

The origin of this disease is some soil factor. The frenching factor is not 
in all soils but has been found, in particular, in soils which are known to 
remain moist during a prolonged drought period, even though tobacco has 
never been grown in such soils. 

Continuing the work previously reported (2, 3), it has been demonstrated 
that the frenching factor, if present, can be made to show its presence by 
growing tobacco plants at a soil temperature of 35° C. Usually within a 
period of 5 to 15 days frenching symptoms appear in the newly developing 
leaves, becoming more distinct and severe with succeeding leaves. When 
the soil temperature is 21° C, or less, the presence of the frenching factor 
does not become evident. 

During the investigation of the relationship of soil temperature to the 
frenching factor that affects tobacco, many volunteer weed plants of various 
genera appeared in the soils employed in the study. Ragweed (Ambrosia 
artemisiifolia L.), as a weed, frequently showed chlorotic symptoms on 


leaves that were so narrow they appeared like starched string. These symp- 


1 Published as contribution no. 813 of the Massachusetts Agricultural Experiment 
Station. 
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toms developed only from soils that produced frenching of tobaeco. The 
same soil at the lower temperature of 21° C produced neither tobacco french- 
ing nor any abnormal specimens of ragweed comparable to those found at 
the higher soil temperature of 35° C 
Ragweed was tested in the laboratory greenhouse under different sea- 
sonal conditions of length of day and in different frenching soils to demon- 
strate that it can be induced to french by the soil temperature technique. 
The early symptoms of frenching, a chlorotic leaf with very narrow leaflets, 
suggested aster yellows caused by a virus common to ragweed. Aster yel- 
lows was ruled out by an expert on virus diseases, particularly aster yellows. 
Young or seedling ragweed plants were obtained by skimming the soil 
where ragweed was prolific and sowing these skimmings on a flat of auto- 
¢laved soil. Autoelaving of soil destroys the frenching factor (4). In the 
winter, skimmings were obtained along the edge of a cinder path where rag- 
weed was common during the summer. Uniform young plants were pricked 
out and allowed to establish themselves in the testing soil before being sub- 
jected to the desired soil temperature. The general plan for each experiment 
consisted of eight two-gallon containers which could be placed in a water 
tank for the desired temperature. In each container were planted three 
tobacco and three ragweed plants. The tobacco plants could be easily re- 
moved by cutting at the soil line, after frenching, to provide space and lig!tt 
for the slower growing ragweed. Four containers were used at each tem- 
perature, but one of these always contained a nonfrenching soil to prove and 
demonstrate that soil temperature alone is not the direct cause of frenching. 
In one experiment the tobacco alongside ragweed frenched in 12 days, 
but the first signs of chlorosis on ragweed were not apparent until the nine- 
teenth day. The most distinct symptoms were present about the end of the 
fifth week. At this time the bipinnatifid leaf was greenish yellow in color 
with the segments inflexed on the ventral surface. A high level of soil fer- 
tility was maintained throughout this as well as the other experiments. The 
plants were frequently tested with diphenylamine (1) for nitrates, and in 
no cases were nitrates absent. Thus the slower growth and chlorotie con-- 
dition of leaves when compared with the cheeks at a soil temperature of 
21° C could not be ascribed to a lack of nitrogen in the soil or in the plant. 
In another experiment in which frenching was slow to develop in tobacco, 
20 to 35 days, it took 25 to 34 days for all the nine ragweed plants to show 
frenching. When the nonfrenched ragweed plants at the soil temperature 
of 21° C were subjected to the higher soil temperature of 35° C, one plant 
frenched in five days; seven, within a period of 12 days; and the last two, 16 
and 22 days, respectively. On the other hand, those plants that had frenehed 


at the higher soil temperature of 35° C gradually outgrew the tendeney to 


french when the soil temperature was lowered to 21° C. These plants devel- 
oped axil and terminal shoots, the lower leaves of which were frenched; but 
as succeeding leaves developed, they were constantly less frenehed and 
finally developed normal leaves. This lag follows the same pattern as that 
noted with tobacco (2). 
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The nonfrenching soil at the higher temperature of 35° C gave no evi- 
dence of producing frenching of tobacco or chlorosis of ragweed; neither did 
its corresponding check at 21° C when it was subjected to the higher tem- 
perature. Not only does this confirm the previous experiences with tobacco 
but it also indicates that ragweed in order to show signs of frenching must 
be grown in a soil in which the frenching factor is present and subjected to 
a relatively high soil temperature. Soil temperature by itself is not the 
frenching factor. Figure 1 illustrates normal, severely frenched, and moder- 
ately frenched plants. The middle specimen is so frenehed the leaves are of 
stringlike form. 

Ragweed is not so satisfactory as tobacco to demonstrate the presence 
of the frenching factor in the soil. Some ragweed plants do not maintain 
the frenching symptoms, whereas other ragweed plants add to the symp- 


Fic. 1.) Frenching in ragweed (Ambrosia artemisufolia L.). Left to night: normal, 
severe (stringlike le aves), and moderate 


toms by developing side shoots with short stems and accentuated frenching 
symptoms. This side shoot development follows the loss of apieal domi- 
nance of a shoot similar to axillary bud development in tobacco. In both 
ragweed and tobaeco this axillary bud development is more extended than 
if the plants had been mechanieally topped, for it may extend to the lowest 
axils on the plants. 

Sorrel (Oxalis stricta L.) was another weed that was susceptible to the 
frenching factor at a relatively high soil temperature, 35° C. No symptoms 
of frenching appeared on the volunteer weed plants, Galinsoga (Galinsoga 
parviflora L.), smartweed (Polygonum pensylvanicum L.), purslane (Portu- 
laca oleracea L.), and several genera of the grass family. In addition to 


tobacco, frenching symptoms could be obtained in tomato (Lycopersicum 


esculentum Mill. var. John Baer) and squash (Cucurbita maxima Duchesne 
var. Blue Hubbard), but not in pepper (Capsicum frutescens L. var. Cali- 
fornia Wonder). All these plants were grown and observed alongside to- 
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bacco plants that had trenched and were, therefore, subjected to the same 
factor in the soil that enused tobacco frenching 

Tobacco and tomate are both <olatissecess poants and both will french. 
Pepper is also a solnnaeeous plant but i idenee of frenching. 
The other plants that frene herd reg squash! are widely 
separated from tobaceo in siy taxcne o widely separated 
from each other. Et thus becomes iimpe-- rroane trom a taxonomic 
guide what plants are susceptible t cs 

The frenching syriptomes of cobac « onee thought to be of virus 
origin, and it is possible that sons plants listed as susceptible to 
frenching were affected by au virus plant of an old list of suscepts, 
petunia (Petunia hybrida Hort.) was tested by the soil temperature tech- 
nique for inducing frenching. No general symptoms appeared that might 
have been called frenching, but plants at both the high and low soil tem- 
peratures were chlorotic and resembled virus-infected plants. The sug- 
gested technique of using a relatively high soil temperature with a soil 
known to contain the frenching factor is a possible procedure for separating 
and studying the symptoms of true frenching without confusing them with 
other diseases that produce a chlorotic condition with malformed leaves. 

The author is indebted to Dr. L. O. Kunkel of the Rockefeller Institute 
for Medical Research for examining specimens of ragweed and confirming 
the diagnosis that the chlorotic symptoms were caused by a frenching factor 


and not by the virus causing aster yellows. 
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It has been stated and is generally accepted that the isotopes whether 
stable or radioactive behave relative to biological functions as do the eom- 
monly occurring forms. It appears to have been assumed that they will 
function in all phases in the physiology of a green plant in the same way. 
However, lethal effeets (7) and other effeets (1) on the plants have been 
reported but appear to be associated with the level of radioactive material 
to which the plant is exposed. There were some reductions in growth even 
when the concentration was below what was considered the critical level. 
These findings have been supported by recent work (2). 

The extensive studies (3) now under way with radioactive isotopes of 
the elements essential to plant growth including carbon, calcium, nitrogen 
and phosphorus, would appear to be intimately related to the assumption 
that they function biologically as do the commonly occurring forms. 

The micronutrient elements have not apparently received any considera- 
ble attention. One paper by Srour and Mracner (8) deals with radioactive 
molybdenum effects in plant growth. No publication dealing with stable or 
radioactive isotopes of boron effects on plant growth has been noted. 


The stable isotope of boron, B'™, recently made available by the Atomic 


Energy Commission appeared to offer an interesting approach to study any 


differences in growth from stable boron isotopes. Comparisons using boric 
acid commonly available as the reagent grade and borie acid prepared from 
the complex supplied by the commission in which 96% of the boron oceurred 
as B' were carried out in solution cultures using tobacco as the test plant. 

The cultures were located on three adjacent tables with the B' groups 
on one table and the B' groups on another with the groups with no boron 
on a third table placed between the two. The tables were 13.5 feet long 
and one foot seven inches wide and were located one foot 10.5 inches apart. 
The plants were thus grown in an area 8.5 feet by 13.5 feet so that if there 
were a position effect on growth it should not be of a serious nature. 

The procedures used in culturing the plants were essentially those de- 
scribed previously (5, 6). The solutions used in these studies were of the 
same composition as those previously used (6). They contained the follow- 
ing volume molecular concentrations: Ca(NOs)o:4H.O, 0.00617; KNOs, 
0.00108; Mg( NOs)2- 6H.2O, 0.00062; KH.PO,, 0.00211; and NH,C1, 0.00140. 
The parts per million of the various elements supplied were: Nitrogen, 225; 
phosphorus, 66; potassium, 125; caleium, 247; magnesium, 30; sulphur, 20; 
and chlorine, 50. The following elements were supplied in parts per million 
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in the amounts indicated as sulphates. Copper, 0.125; manganese, 1.0; and 
zinc, 0.5. Tron as the sulphate was added to supply 1.0 p.p.m. of this ele- 
ment on April 8, the starting date of the experiment, and thereafter on April 
11, 12, 13, 14, 15 and 22. 

The Connecticut Broadleaf variety of tobaeco was used in these studies. 
The seeds were sown in a flat of steam-sterilized greenhouse potting soil 
mixture, and after approximately one month they were transplanted to two- 
inch pots containing the same soil sterilized in the same manner. After the 
plants were allowed to develop in these pots for about two weeks the roots 
were washed free of soil, and the plants were transferred to the starter solu- 
tion without covers as described (4) for about two weeks. When the largest 
leaves were about three and one half by seven inches the plants were placed 
in the experimental solutions. 

The variable under investigation consisted of a comparison of boron iso- 
topes as a source of the element. In one group the boron was derived from 
reagent grade of boric acid, which is made up of the usual occurring propor- 
tions of the isotopes of boron, 18.4% B'® and 81.6% B", which is referred 
to in the following discussions as B''. Another lot was made up from that 
containing 96% B'® and 4% B" and referred to in the following discussion 
as B'®. All ealeulations were made on the basis of above analyses to supply 
a given amount of boron atoms, but are referred to below as the equivalent 
concentrations that would have been supplied by natural boron. 

There were five groups of treatments. One group of 12 plants received 
no boron. One group of six plants received 0.1 p.pan. B'. One group of 
six plants received 0.5 p.p.m. B''. One group of six plants received 0.1 
p.p.m. B'’. One group of six plants received 0.5 p.p.m. B!°. 

The plants were placed in the experimental solutions April 8, 1949, and 
on April 14 the first sign of boron deficiency was evident on one plant of the 
12 yrowing in the solution to which no boron was added. The base of the 
younger leaves making up the terminal bud showed a faint light green color. 
The next leaf below was brittle and broke when handled. At this date there 
Was no apparent evidence of abnormality in any other plants. 

On the tenth day after the start of the experiment all twelve plants that 
were growing in the solution to which no boron was added showed character- 
istie boron deficiency symptoms culminating in breakdown of the terminal 
bud. Also, one plant receiving 0.1 p.p.m. B'! showed the first indication of 
boron deficiency 10 days after transfer to the experimental treatment. After 
18 days, a second plant receiving 0.1 p.p.an. B'! was showing deficiency 
symptoms, while none of those receiving 0.1 p.p.m. B' showed any symp- 
toms, and appeared to be growing more uniformly than those receiving B". 
There was no abnormality in any plants receiving 0.5 p.p.m. boron in either 
form. After 21 days, five plants out of six with 0.1 p.p.m. B!' were showing 
boron deficiency, while two out of six with 0.1 p.p.m. B!° were showing de- 
ficiency. After 25 days, all plants with 0.1 p.p.m. B'! showed deficiency, 
and four out of six with 0.1 p.p.m. B' showed deficiency. After 28 days, 
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the remaining two plants in the 0.1 p.p.m. B'® solution showed the character- 
istic breakdown symptoms associated with boron deficiency. All plants re- 
ceiving 0.5 p.p.m. boron in either form showed no abnormality and were 
starting to flower. 

All cultures received 100 ce. of stock nutrient solution three weeks after 
the start of the experiment. This was added to the solutions in which the 
plants were growing and no aditional micro-elements were added. On the 
twenty-eighth day (May 6) all plants were harvested and hung in the green- 
house to air-dry. 

The results from this test are shown in table 1. The air-dry weight of 
leaf produced from the two rates and sources of boron are in close agree- 
ment. There was a striking increase in yield of leaf when boron was used 
either as B'’ or B"™ over that obtained when no boron was used. The most 
striking effeet is manifested by the stalk weights when the no-boron treat- 
ment is contrasted with the two rates and sources. There was also a decided 

TABLE I 
AVERAGE AIR-DRY WEIGHT PER PLANT FOR TOBACCO GROWN IN 


NUTRIENT SOLUTIONS WITH TWO FORMS 
AND RATES OF BORON. 


Boron Air-dry weight Standard 


Form Rate Leaves 


error 
of total 


Stalk foots Potal 
p.p.m. gm, gm. gm. 


None None 6.18 1.07 1.49 8.74 2.69 
ed 0.1 13.66 4.18 3.69 21.5: S577 
Br 0.1 14.77 6.68 3.88 25.33 1.38 
BY 0.5 14.33 9.84 4.43 28.60 2.36 
pre 0.5 14.50 10.13 4.49 29,12 1.48 


increase in the air-dry weight of stalks with the higher compared to the 
lower rate of boron. There appears to be a slight advantage for the B!° 
treatment of a given concentration in yield of stalk although the statistical 
significance of this difference is questionable. The yield of roots was greatly 
increased by both forms of boron at the two rates as contrasted with the 
no-boron treatment. The higher rate of boron has produced a higher air- 
dry weight of roots. The total air-dry weight shows much the same trends 
as that of the stalks. There is a decided increase in total yield for both 
forms and rates of boron. The higher rate of boron has resulted in a signifi- 
cantly higher yield than the lower rate. As previously pointed out, this 
difference is largely the result of a higher yield of stalk. 

In every instance, the total yields are higher from the B' than from the 
B" but the difference, based on weights of individual plants, was not found 
to be statistically significant at the higher concentration. The difference 
appears to be significant at the lower concentration. During the growth of 
the plants there was no observable difference in growth effects from the two 
isotopes of boron with the exception of that previously noted, namely, the 
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earlier occurrence of deficiency symptoms where the low rate (0.1 p.p.m.) 
B" was used. This difference was not due to extra molecules of boron from 
the B'® source since the two forms were added to supply an equal number 


of molecules of each form. Actually there was less weight added in the B'® 
form than in the B! form. 
It would appear from this test that B'® produces essentially the same 


growth responses as B'' in tobacco plants when used to supply the element 
boron in solution cultures. 


The stable isotope of boron was secured from the Isotopes Division, 
Atomic Energy Commission, as the BF;CaF. complex containing 6.9% of 
elemental B of which 96% was B'®. Mr. Frank ©. Lundstrom of the 
Bureau's Division of Fertilizer and Agricultural Lime kindly converted this 
compound to boric acid according to the method of Dr. Walter B. Keighton. 
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One of the Nicotiana varieties propagated and studied in this division 
for many years has become known as mammoth or non-flowering rustica. 
It originated as a cross between Nicotiana rustica Link and a presumed 
short-day mammoth variety of V. tabacum Link. By repeated back-cross- 
ing to NV. rustica and selecting for mammoth types of growth, a variety was 
obtained that formed a large number of leaves and grew to be very tall 
(indeterminate growth). Unlike the true mammoth type of tobacco (1), 
however, only rarely would a plant of this rustica variety flower even during 
the short days of winter in the greenhouse. SmirH (2) has called attention 
to these facts and has suggested that a possible explanation may consist in 
a modified reaction of the short-day mammoth gene of tobacco in the N. 
rustica genetic matrix. Propagation of this mammoth-rustica variety has 
usually been by means of cuttings. 

Many unsuccessful expedients have been tried by the writer in attempts 
to induce flowering in this variety. These ineluded clone selection, day 
lengths from 2 to 12 hours, drought, darkness, defoliation, root exposure, use 
of very limited quantities of soil, and triiodobenzoie acid. Flowering has 
not been observed in field studies, but this may be because it is usually 
necessary to decapitate and harvest the plants before advent of frost. 

This variety was of interest for two reasons. It was desirable to work 
out a method to obtain sufficient seed for use in field studies on nicotine pro- 
duction and as material in breeding studies for obtaining varieties high in 
nicotine. 

The mammoth-rustica plants were obtained either from seedlings or 
cuttings. Cuttings were made from suckers produced by decapitating plants 
about 18 inches tall. These were transplanted to one-gallon glazed crocks. 
A good quality of potting soil was used and was usually supplemented by 
addition of 5 gm. of 4-8-12 fertilizer to each crock every 7 to 10 days in the 
later stages of growth. A temperature of 75° F was maintained in the warm 
section both day and night. Temperatures in the cold section of the green- 
house were 65 to 75° F during the day, and 50 to 60° F at night. 

The first indication of the major cause for sterility of this strain came 


during the winter of 1946. Beeause of a coal scarcity it was necessary to 


lower temperatures in the greenhouse, previously maintained at 75° F, for 
a week or more. Night temperatures were, therefore, dropped to about 45° F 
and day temperature to 60 to 65° F. Of a batch of 16 plants then growing 
in the greenhouse in galvanized-iron buckets, four flowered and produced 
seed. 
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TABLE I 
FLOWERING BEHAVIOR IN 1949 OF SUCCESSIVE LOTS OF MAMMOTH-RUSTICA 
PLANTS ROOTED IN A BARM SECTION AND LATER 
TRANSFERRED TO A COLD SECTION, 
Placed in ‘Total Number 


: ; Flowering 
cool] section plants flowering 


o 
c 


August 15 47 97.9 
October 20 19 2 10.5 
November |] 26 ‘ 19.2 
November 7 33 ; 97.0 
November 15 18 ; 11.1 
December 28 20 50.0 


In the winter of 1949 lots of plants were started at various times by 
cuttings from a mixture of clones transplanted to four-ineh pots and shifted 
to the cool section at irregular intervals. The data on flowering are shown 
in table I. Flowering of the different lots ranged from 10.5 to 97.9%, and 
much seed was obtained. The irregularity in quantitative response was 
assumed to be due to differences in time between rooting of the cuttings in 
the warm section and their transfer to the cold section. That this was not 
the entire explanation and that genetic variability was also an important 
factor was demonstrated in the next trial. 

A more systematic test was carried out the following winter. Both seed 
and cuttings were started in the cold section and later transplanted to one- 
gallon glazed crocks. There were nine plants per lot. The seed consisted 
of a miscellaneous mixed lot collected over a period of many years from 
occasional plants that had fruited. The cuttings were from a single clone, 
selected because it seemed incapable of flowering. 


Flowering of plants propagated by either seed or cuttings Was quite pro- 


fuse (table Il). Flowering was complete with plants started as cuttings 


TABLE Il 


FLOWERING BEHAVIOR IN !950 OF SUCCESSIVE LOTS OF NINE PLANTS OF 
MAMMOTH-RUSTICA PLANTS GROWN AT COLD TEMPERATURES. 


Date of Flowering of plants Flowering of plants from 
sowing and from single clone miscellaneous bulked seed 
setting 


cuttings Plants Days Range Height Plants Days Range Height 
aver, days ins. aver. days ins, 


August | 164 6 87 88 9) 38 
September | 139 15 i 113 64 54 
October | 154 150 56 76 
November | 147 147 53 66 
December | 139 4 i 137 94 49 
January | 117 16 * 126 90 47 
February | 120 5 157 16 70 
March | 97 122 49 43 
April 1 112 117 89 56 
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over a period of six months and only diminished with the February, Mareh, 
and April lots when greenhouse temperatures could not be controlled as well 
as in the previous months. Flowering of the plants grown from seed was 
more irregular than that from euttings, and did not decrease to a similar 
extent at any time. Blossoming occurred from October to August, inclusive, 
in the various lots of plants. Plants in the last lot that was started on 
April 1 were subjected to day lengths of over 12 hours at all times, but one 
plant from the clone and eight of those from seed flowered into July and 
August. Another feature of interest in this connection is the much greater 
variability in flowering of individual plants, of the lots grown from seed 
than from cuttings. Moreover, while plants from the clone formed small 
pods no seed was formed, whereas many of the plants started from seed set 
seed readily. 

A final comparison between the effects of warm and cold temperature 
on blossoming was made the following year. All plants were from the same 
clone, and the cuttings were started at the same time (September 1). Of 36 
plants grown in the warm section, none had blossomed on March 8. They 
averaged 76 inches in height at this time, though many of the stems had 
snapped. Of the 36 plants grown in the cold seetion, all had blossomed by 
this date. The average for time of blossoming was 148 days; range in blos- 
soming of individual plants, 54 days; and average height at blossoming was 
89 inches. 


The plants at one end of two benches in the cold section had been 
exposed to spillage of light from the next section, where high wattage tung- 
sten lamps were being used to extend the day length to about 18 hours (sun- 
set to midnight). No difference in time of blossoming of the plants on the 
bench farthest from the lights could be detected. A few of the plants near- 
est the lamps on the closer bench flowered somewhat later. Of these six 
late-flowering plants, two were abnormal and had not been expeeted to 
flower. These six late-flowering plants blossomed on the average in 177 
days, over a period of 33 days. The other thirty plants of the lot had 
bloomed between January 14 to 30, a range of 16 days. The average for 
flowering of these 30 plants was 143 days, as compared to 139 days in the 
previous experiment. 

It is evident from these data that the mammoth-rustica plant is not of 
true mammoth type since it is not characterized by a specific requirement 
of short days for flowering. Plants have been observed to flower even when 
grown continuously under day lengths ranging from 12.5 hours to 15.5 hours, 
exclusive of the two twilight periods. Its occasional responses to winter con- 
ditions in the greenhouse have probably been caused by unnoted drops in 
temperature. An additional factor that may have contributed to the irregu- 
lar and infrequently observed flowering may be the inherent lack of genetie 
uniformity of this variety. Plants from seed did not respond uniformly to 


Variations in temperature as respects flowering. Many strains could proba- 


bly be selected from this variety on the basis of flowering and seeding 
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responses to temperature. This viewpoint is borne out by differences in 
inflorescence of the plants. Early flowering plants usually formed terminal 
panicles. Late flowering plants bore blossoms on very short axillary branches 
beginning with or near the terminal bud (racemes). The inflorescences of 
plants from the clone selected for these experiments were also racemes, and 
never panicles. 

Plants of Maryland Mammoth tobacco were grown at times in both cold 
and warm sections during these experiments. They behaved in all respects 
as described by GaRNeR and ALLarp (1). All flowered and seeded freely 
during the short days of winter even though the minimum temperature in 
the warm section was 75° F, and that in the cold section was 50° F. The 
lower temperature delayed but did not diminish blossoming. With the in- 
creasing day lengths of spring, the seedlings could no longer flower, but 
became indeterminate in growth habit. The possibility exists, therefore, 
that there may be two types of mammoth tobacco both of which are charae- 
terized by gigantism. One, as in Maryland Mammoth, possesses the addi- 
tional property of giving a short-day-length flowering response; another, a 
low-temperature flowering response. Indeterminate growth actually would 
be due to non-flowering caused by unfavorable day lengths and unfavorable 
temperatures, respectively. 

If the assumption of the presence of a true short-day mammoth gene 
from tobacco (2) in this rustica variety is correct, it must be concluded that 
it no longer behaves as a day-length flowering preceptor, but as a tempera- 
ture flowering preceptor. However, a check for the presence of the short- 
day mammoth gene in this variety by its transfer back to tobacco (prefera- 
bly Maryland Medium Broadleaf) would seem desirable. 

Mammothi-rustica, it seems, exemplifies a new type of flowering response 
in Nicotiana species. A low temperature requirement for blossoming has 
hitherto been associated primarily with certain long-day biennial forms. 
Day-neutral Nicotiana plants, it now appears, may also possess a low tem- 
perature requirement for flowering. 
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The changes in carbohydrate, nitrogen, protein, and amino acid content 
and in respiratory rates of plants and plant parts treated with 2,4-dichloro- 
phenoxyacetie acid (2,4-D) indicate effects of the chemical at enzyme levels. 
Some of these effeets have been investigated. NErrELy et al. (6,7) found low- 
ered activity of phosphorylase and beta-amylase but increased activity of 
pectin methoxylase in treated kidney bean plants. Increases in peroxidase 
activity in kidney bean leaf protuberances caused by 2,4-D application were 
obtained by FreLber (2). Growth of corn and cowpea seedlings in a solution 
of 1.5 p.p.m. of 2,4-D resulted in an increased activity of phosphatase in 
the roots, compared with controls, according to OLSEN (8). HAGEN et al. 
(5) state that 2,4-D produces no inhibition of polyphenoloxidase, alpha- 
hydroxy acid oxidase, or catalase in castor bean, using the tissue homogenate 
technique. The same authors report that the activity of lipase in this plant 
is depressed by 2,4-D at very low concentrations. GoLpacre (3) found that 
concentrations of up to 2000 mg. of 2,4-D per liter have a stimulatory effeet 
on the activity of indoleacetic acid oxidase from pea stems. 

In previous work at this laboratory (11, 12), the changes in chemical 
composition of plants treated with lethal and non-lethal concentrations of 
2.4-D were studied at intervals over a period of time following treatment. 
Since similar fluetuations in activity of appropriate enzymes might occur, 
an investigation Was initiated to determine the apparent phosphorylase, 
phosphatase, and beta-amylase activity at intervals following the applica- 
tion of non-lethal concentrations of 2,4-D to wheat. A study of catalase 
and peroxidase activity Was also made. 

Marquis spring wheat was planted in the greenhouse on April 21 and on 
June 15, 1951. Because of the similarity of results, the June experiment. is 
described below. Twenty-four days after sowing, the plants, now 10 inches 
high, were sprayed with an aqueous solution of 5 or 500 p.p.m. diethanol 
amine of 2,4-D. Unsprayed plants served as controls. Nine hours, 1, 2, 4, 
and 8 days after spraying, 180 plants from each treatment and from the 
control group were cut at the soil surface, the stems and leaves were chopped 
into small pieces and mixed thoroughly. Aliquots of 40 gm. were blended 
with 100 ml. of ice water for two minutes and filtered through broadeloth. 


The filtrate was used immediately to determine the apparent activity of the 
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five enzymes. The spraying and all harvests, except that made nine hours 
after treatment, were made at 10 A.M. 

Phosphorylase activity was measured by the method of SUMNER ef al. 
(10), beta-amylase by SuMNeR and Somer’s modification (9) of the proce- 
dures of Willstatter and coworkers, phosphatase by GorrscHALK’s micro- 
method (4), catalase by SuMNeR and Somer’s (9) modification of the pro- 
cedure of von Euler and Josephson, using three- and six-minute intervals, 
and peroxidase by the method of Davis (1). Effeets of 2,4-D added to the 
filtrate of untreated plants in the same concentration as the concentration 
computed for the filtrates of treated plants, assuming that all the 2,4-D 
sprayed on the plants was absorbed, were determined and found to lack 
significance. 

The values for the activities of the various enzymes and the T/C values 
(values obtained for apparent activities in the filtrates of the treated plants, 
divided by the values in the control plants) are given in table 1. The values 
for phosphorylase, expressed as micrograms of phosphorus formed per mi. of 
extract, show that sprays of 5 and 500 p.p.m. produced an immediate in- 
crease in phosphorylase activity. The activity diminished as all the plants 
aged, but the levels in the treated plants were higher at all times. The dose 
of 500 p.p.m. produced the greater increase in activity. The highest activity 
value in both control and treated plants was measured nine hours after 
treatment. This observation suggests that phosphorylase activity may be 
linked with time of day, since the collection was the only one made in the 
evening. All other harvests were made at 10 A.M. The greatest T/C values, 
2.34 for 5 p.p.m. and 2.14 for 500 p.p.m. 2,4-D, were obtained one day after 
spraying. 

Phosphatase activity was measured as micrograms of phenol formed per 
milliliter of plant extract. There was considerable activity of this enzyme 
in both control and treated plants. The application of both 5 and 500 p.p.m. 
of 2,4-D depressed the activity slightly, the effect being more pronounced 
with the larger concentration. The T/C values fell to minima of 0.8 one day 
after spraying and remained below 1.0 for the duration of the experiment. 

The monomolecular reaction constant for beta-amylase was obtained 
from the equation: 


0.1875 
0.1875 ~ x 


K = 1/t log 


The time in minutes is represented by t, and x is the corrected titration 
value x 17.15 (9). The activity values for beta-amylase remained relatively 
constant in controls during the experiment, but up to the fourth day after 
spraying considerable increases over control values resulted from treatment 
with 2,4-D. Between the fourth and eighth days there were decreases in 
activity in the treated plants which resulted in final T/C values of 0.66 and 
0.53 for sprays of 5 and 500 p.p.m. respectively. At comparable times after 
spraying the results were similar to those reported for kidney beans (7). 
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TABLE I 


PHOSPHOR YLASF, PHOSPHATASE, BETA-AMYLASE, CATALASE, AND PEROXIDASE 
ACTIVITY IN MARQUIS WHEAT PLANTS SPRAYED WITH 2,4-D. 


Enzyme activity T/C values 


Time after ——________— a ; " 
spraying Control 5 p.p.m. 500 p.p.m. Spepem. 500 p.p.m. 
plants 2.4-D 2.4-D 2.4-D 9, 4-1) 


Phosphorylase 
9 hours 8.16 9.7: 10,12 1.19 
1 day 3.27 7.65 7.02 2.34 
2 days 5.75 7.28 9.29 1.26 
4 days 5.13 6.16 8.12 1.20 
8 days 3.36 3.64 4.91 1.08 


Phosphatase 


9 hours 286.0 273.0 0,99 
1 day 287.3 273.0 0.81 
2 days 263.9 236.6 0.96 
4 days 27 254.8 239.2 0.92 
8 days 215.8 198.9 0.90 


Beta-amylase 


9 hours -798 x 107° 2.250 x 2.437 » 1.24 
1 day 1.166 x 10° 35 , 1.40 
2 days 2.141 x 10° 2.47! : 1.11 
4 days 1.836 x 107° 39 * 2.67 1.11 
8 days 1.937 x 1073 5 x 0.66 


Catalase 
9 hours 0.0443 0.0465 0.0478 
1 day 0.0296 0.0488 0.0477 
2 days 0,0256 0.0422 0.0271 
4 days 0.0281 0.0294 0.0253 
8 days 0.0223 0.0252 0.0267 


Peroxidase 


9 hours Pe ea a 1.62 * 10° 1.50 x 10-3 0.93 0.87 
] day 1.10 x 10-° 1.37 =x 10° 1.42 10° 1.2 1.29 
2 days 1.63 X 10° 1.66 x 10° 1.63 x 107° 1.02 1.00 
4 days 1.09 X 10° 1.19 10° 1.25% 10° 1.09 1.15 
8 days 0.88 * 107-3 0.79 10°3 0.76 X 10° 0.90 0.87 


Catalase activity is given in the table as the monomolecular value extra- 
polated to zero time. The activity of the enzyme was increased as a result 
of treatment with 24-D. The greatest relative increase occurred one and 
two days after the application of the chemical, rising to over 1.6 with both 
sprays. The values of T/C fell to control levels by the fourth day but rose 
above 1.0 by the final day of the experiment. 

To express peroxidase values the reciprocal of the time for the color 
change to occur in the blank was subtracted from the reciprocal of the time 
required in the active solution (1). The activities in the treated plants 
paralleled those in the controls but remained greater than those of controls 
up to the fourth day after 24-D was applied. The greatest relative activi- 
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ties occurred one day after the application of the chemical, being 1.24 or 
over, but the T/C values fell below 1.0 by the eighth day. The effects of the 
sprays of 5 and 500 p.p.m. were similar. 

An examination of the curves of values of T/C for phosphorylase, beta- 
amylase, peroxidase and catalase activity in wheat given non-lethal concen- 
trations of 2,4-D reveals trends very similar to those for the total sugar, 
starch-dextrin, available carbohydrates and total N content of stems of 
buckwheat sprayed with lethal doses (11) and those for total sugar and 
starch-dextrin in buckwheat which received non-lethal doses of the ehemi- 
eal (12). These show an increase over control levels soon after spraying, 
followed by a return to normal or below normal several days after treat- 
ment. Whether the influence of 2,4-D on the activity of enzymes is brought 
about by its direct action on the prosthetic group or the protein portion of 


the enzyme, or indirectly on the availability of amino acids and vitamins 


for the elaboration of the enzymes by the plant has yet to be determined. 

In the experiments reported above, spraying Marquis wheat plants with 
5 or 500 p.p.m. of 2,4-D resulted in increases in the activity of phosphorylase, 
beta-amylase, catalase, and peroxidase in the aerial portions of the plant. 
The activity of phosphatase was decreased by the treatment. The devia- 
tions from the control levels reached maxima by the first or second day after 


treatment. 


This study was supported in part by a grant from the Research Fund of 
the University of British Columbia. 
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The chloride ion has long been known to accelerate and stabilize the 
dextrinizing activity of a-amylase derived from plant (5) and animal tissues 
(9). Warpeure and Lirrcens (11) observed recently that the photochemi- 
cal production of oxygen by washed chloroplast fragments is similarly 
stimulated by the chloride ion. ArNoN and WuHatLey (1) confirmed this 
discovery and presented evidence in support of their conclusion that the 
chloride ion activates the chloroplast fragments indirectly by protecting 
them against injury by light. GorHamM and CLENDENNING (4) reinvesti- 
gated the mechanism of chloride activation, rejected the light injury hy- 
pothesis, and coneluded that the stimulating action of chloride on both 
chloroplasts and a-amylase has a common physical basis. Striking simi- 
larities between these two in vitro systems were indicated with respect to 
the concentration of chloride required to achieve maximum stimulation, 
relative effectiveness of other anions, and dependence of chloride activation 
upon pH (4). 

The quantity of chloride which is required to effeet maximum stimula- 
tion and protection of either a-amylase or chloroplasts over a wide tempera- 
ture range has not been investigated previously. The thermolability of 
chloroplasts makes them quite unsuitable for such a study. On the other 
hand, a-amylase is less susceptible to thermal inactivation, a property which 
was utilized by Ouusson (8) and KNeEN ef al. (6) in separating a- and 


B-amylase. This paper reports experiments on the quantity of chloride 
which is required for maximum stimulation of malt diastase over a wide 
temperature range (20 to 60° ©). 


The standard reaction mixture was 50 ml. of 1% soluble stareh, 40 mil. 
of buffer solution at pH 7, x ml. 0.5% commercial malt diastase solution, 
and 10-x ml. water. The total reaction volume was 100 ml. The starch 
solution was freshly prepared (Coleman and Bell, soluble starch, e.p.). 
Maellvaine buffer (7) was used in maintaining a pH of 7.0. The diastase 
solution was freshly prepared (0.5% Merck's malt diastase, medicinal 
grade). After allowing it to stand one hour at room temperature, the 
enzyme solution was filtered through a heavy asbestos mat to provide a 
clear solution. Chloride introduced as a contaminant in the substrate and 
enzyme solutions was determined by the Volhard titration method (10). 
The observed chloride content was found to be too small to necessitate the 
introduction of a correction (< 0.5 mg. per 100 ml. of reaction mixture). 
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In each activity measurement, the reaction mixture without enzyme was 
mixed and adjusted to the reaction temperature. The enzyme solution was 
then added with stirring, and the time required for the disappearance of the 
iodine-starch color was determined by successive external tests with I,-KI 
solution (2, 3). Exploratory determinations were conducted first in order 
to find the approximate salt requirement for a given temperature, and then 

TABLE I 
OPTIMUM NaCl CONCENTRATION FOR MALT DIASTASF ACTIVITY AT 20° C. 
NaCl concentration | lime for digestion past 
ast iodine-staining stage 
mg./100 ml. min, 

30 70 

30 70 

40 64 

40 64 

50 68 

50 68 

60 72 


60 71 


a more precise study was made in the region of the indicated optimum salt 
concentration. 

Table I presents the refined determination for the optimum NaCl con- 
centration at 20° C. Three milliliters of 0.50% filtered diastase was used in 
this ease. Table II reports the optimum salt concentration for malt diastase 
activity at 20, 25, 40,50 and 60° C. For each 20-degree rise in temperature 
there Was an approximately 10-fold increase in the chloride requirement for 
maximum diastase activity. The optimum chloride concentration for malt 
diastase at 20° C is slightly below 10-7 M, which is in agreement with 

TABLE II 


OPTIMUM NaCl CONCENTRATION FOR MALT DIASTASE. ACTIVITY 
AT DIFFERENT TEMPERATURES. 


Temperature Optimum NaCl concentration 


“Cc mg./100 ml, 


290 410 (0.0068 M) 
25 60 (0.01 M) 
40 400 (0.068 \') 
50 1100 (0,19) 
60 about 6000 (1.03 M) 


earlier observations on a-amylases of various sources as well as on isolated 
chloroplasts. 


The author is indebted to Dr. Kenneth A. Clendenning of these labora- 
tories for suggestions in the preparation of the manuscript and to Luey Birtle 
and Kenneth Webb for technical assistance. 
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Within the past few years, reports in the literature indicate the increasing 
use of detailed autoradiographic techniques in problems concerned with the 
location of areas of deposition or concentration of radioactive isotopes in 
animal tissue. The usefulness and value of these techniques has increased 
with the availability of special nuclear track emulsions and the development 
of suitable laboratory procedures. These autoradiographic techniques have 
not been fully utilized in studies of plants although ARNown ef al. (1), CoL- 
WELL (2), Harrison ef al. (8), and Gross and Snyper (6) have used the 
gross or survey autoradiographie techniques. Several procedures have been 
used in conjunction with animal studies; and with minor modifications, these 
can be adapted to plant materials. A general review of these techniques as 
applied to animal studies has recently appeared in the literature (7). One 
of the techniques provides for a permanent mounting of the histological see- 
tions on the photographie emulsion throughout the exposure and processing 
periods, and it is this one that was used in the study. This method was first 
used with animal tissue by Expicorr and Yacopa (4) and Evans (5). Miero- 
scopic examination with both high-dry and oil-immersion objectives is pos- 
sible, and the deposited silver grains can be correlated with the tissues and 
cells containing the radioisotope. 

Sections taken from Hydrangea leaves that had been exposed to an 
atmosphere containing radioactive carbon dioxide (C'™QO,) for four hours 
were used in this study. Details of the chamber which was used and the 
procedure which was followed have been previously reported (3). At the 
end of the period of photosynthesis, the leaves were separated from the 
plants and rinsed with dilute hydrochlorie acid to remove adsorbed C™QOs., 
Small strips were cut from the leaves and placed in an FAA fixing solution. 
The leaf tissue was then dehydrated and embedded in paraffin following 


usual procedures. Sections 15 microns in thickness were cut on a rotary 


microtome. Praffin ribbons of the desired length were expanded in warm 
water at 42° C. Following expansion, the ribbons were transferred to water 
at 18 to 20° C. The ribbons hardened at these lower temperatures and 
could be handled more easily during subsequent operations. 

In the dark room, Eastman nuclear track plates of the NTB or NTB% 
type were soaked in distilled water at 20° C for five minutes. The ribbons 
were removed from the water with a section lifter or a small hair brush and 
placed on the swollen emulsion. This manipulation was conducted under 
a Wratten safelight, series 2. Soaking the plates prior to placing the ribbons 
in contact with the emulsion ensures good adhesion between sections and 
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1. Photomicrograph of a transverse t Hydrangea leaf (« 170). 
Photographed through a green filter 


emulsion and eliminates the use of an adhesive. With the sections in place, 
the plates were positioned on top of small corks in light-tight boxes. Cal- 
cium chloride was placed in the bottom of the boxes as a desiccant, and the 
plates were stored in a refrigerator for the period of exposure. 

At the end of the exposure period the paraffin was removed by immersing 
the plates in xylene for 10 minutes. The xylene was then allowed to evapo- 
rate completely from the plates. Plates were developed without agitation in 
Kodak D-19 developer for 20 minutes at a temperature of 20° C. The 
plates were then rinsed in water, fixed in Kodak F-5 for twice the clearing 
period, and washed in running tap water for one hour. Immediately follow- 
ing Washing, and without permitting the plates to dry, the sections were 
stained in Harris’ haematoxylin for 20 minutes. Destaining in acid water 
can be used to reduce the intensity of the stain wherever necessary. Selec- 
tion of the appropriate time interval will eliminate this step. Sections were 
then blued in alkaline water to the desired degree. The plates were passed 
through a dehydration series and were counterstained for approximately one 
minute with either eosin, yellowish-acid, or erythrosin, bluish-acid. The 
final xylene-aleohol wash of the dehydration series had been saturated with 
the desired stain. The use and selection of a counterstain will depend on 
the requirements of the worker. The plates were transferred to xylene and 
mounted immediately in balsam whieh produced a slide with a stained Ussue 
section mounted permanently on the emulsion. 


Figure 1 is a photomicrograph of a transverse section of a Hydrangea 


leaf. The leaf was exposed to 10% C™Os for four hours at a light intensity 


of 260 foot-candles. The section was mounted on the emulsion and proe- 


. a. ° 
- ‘@a-*" - 


Fic. 2. Composite photomicrograph and autoradiograph of the same section as in 
figure 1 (« 170). Photographed through a red filter 
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essed as outlined in the preceding section. Cellular detail can be observed 
in this foeal plane. Shifting the focus to the underlying emulsion, as in fig- 
ure 2, shows concentrations of silver grains corresponding to cellular fixation 
of the C™. The stained cellular material of the leaf is easily distinguishable 
from the reduced silver grains of the autoradiograph. The leaf seetions were 
15 microns in thickness and were mounted on Eastman NTB2 plates having 
an emulsion thickness of 10 microns. The exposure interval was 26 days. 
The most dense concentration of deposited silver grains is correlated with 
cells of the palisade region. Untreated control sections showed only the 
normal background of grain formation. Green and red filters were used in 
preparing the photomicrographs to accentuate cellular details and the de- 
posited silver grains. 

The use of the isotope C™ as a source of radiation incorporated in plant 
material is ideal for autoradiographs. No special technique is required to 


prevent diffusion of C'™ from the tissue during the preparations if it is in a 
fixed condition. The long half-life of C™ eliminates the necessity for rapid 


processing, and it is possible to use long exposure periods when the isotope 
is present only in minute quantities. In addition, the relative consistence in 
radiation activity permits accurate estimate of the time required to obtain 
an image of the desired density. 


The authors wish to acknowledge the assistance of the Office of Naval 
Research and the Atomic Energy Commission in conjunction with this study. 
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NOTES 


Western Section.—The Western Section of the A.S.P.P. met with the 
Pacifie Division, A.A.A.S., and affiliated societies at Oregon State College, 
Corvallis, June 17-19, 1952. In addition to four sessions of submitted 
papers, two symposia were held jointly with the Botanical Society of 
America and the American Society for Horticultural Science: The Role of 
Cellular Components in Plant Metabolism, Sam G. Wildman, Chairman, 
and Morphological Approaches to Physiological Problems with Louis K. 
Mann as Chairman. Officers of the Seetion for 1952-53 are Chairman, 
Moyer D. Tuomas, American Smelting and Refining Co.; Vice-Chairman, 
HakLAN K. Pratt, University of California, Davis; and Secretary-Treasurer, 
D. J. Wort, University of British Columbia. The next meetings will be 
June 16-19, 1953, in Santa Barbara, California. Any members of the Soci- 
ety who may be able to attend should communicate with Prof. D. J. Wort, 
Department of Botany, University of British Columbia, Vancouver, B. C. 





Alfred Ursprung.—Dr. Ursprung died April 21, 1952, in Freiburg, Ger- 
many, after an illness of about one year. Dr. Ursprung began his work for 
the doctorate in botany under Schimper in 1900 after preliminary studies in 
physies and mathematics at Basel and Strassburg. Early in his career, he 
competed successfully in writing a prize paper on “The physical properties 
of foliage leaves.” Another important early publication was his work on 
“The mechanism of spore dispersal by Pteridophytensporangia.” In the 
same year Dr. Ursprung assumed his post at Freiburg as director of the 
Botanical Institute which he served continuously for 47 years. He com- 
pleted well over 100 papers of his own during this period and directed the 
studies of some 40 successful candidates for the doctorate in the field of 
plant physiology. Dr. Ursprung’s best-known publications are on dispersal 


mechanisms of sporangia and anthers, radial growth in woody stems, sap 


ascent and osmotic phenomena connected therewith. In later years he studied 
the influence of light in relation to photosynthesis and the general problem 
of water balance in plants. No less important were his publications on 
terminology and methods as these are related to cell physiology. His work 
on water absorption has proved one of his most outstanding contributions. 
Dr. Ursprung was elected as a corresponding member of the American Soci- 
ety of Plant Physiologists in 1937. 





Elizabeth S. Semmens.—The American Society of Plant Physiologists 
mens, West Grove, Sandgate, Kent, England, in June 1952. Dr. Semmens 
had been a member of the Society since 1946 and published work on the 
hydrolysis of organie products by polarized radiation. 


records with sorrow the passing of one of its members, Elizabeth 8. Sem- 
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Plant Physiology. —B. 8. Meyer and DD. B. ANpeRsSoN. Second Edition. 
D. Van Nostrand Company, Inc., 250 Fourth Avenue, New York 3, New 
York. 784 pages, 1952. $8.50. 

Members of the profession engaged in teaching plant physiology will 
welcome the revised and enlarged second edition of this popular textbook 
which had 13 reprintings in the first edition. The general organization of 
the material is essentially unchanged. However, those portions dealing with 


basic physicochemical principles and those dealing with water relations of 


plants have been shortened. Whereas an entire chapter was devoted to a 
discussion of permeability in the first edition, this topic is treated in only 
a few pages in the present volume. The chapters dealing with metabolism 
have been revised completely to include advances made during recent years 
in the knowledge of metabolic processes in plants. The chapters on growth 
have been reorganized to include a discussion of vegetative growth and the 
environmental factors affecting it, and a discussion of reproductive growth 
and the environmental factors influencing such growth. The bibliographies 
at the end of the chapters include references to the literature through 1951. 
An index by author and another by subject are included in the book. 


Paper Chromatography (A Laboratory Manual).—RK. J. Biock, 2} Lre- 
STRANGE, and G. Zweig. Academic Press, Inc., 125 Kast 23rd Street, New 
York 10, New York. 195 pages, 1952. $4.50. 

This monograph is intended to contain sufficient detail to be used pri- 
marily as a practical manual of proven procedures requiring relatively 
simple equipment; however it seems doubtful that the average investigator 
would not wish to refer to original literature also. Following a brief intro- 
duction are chapters dealing with theory; general methods; quantitative 
methods—illustrated with amino acids; amino acids, amines, and proteins; 
carbohydrates; aliphatic acids and steroids; purines, pyrimidines, and re- 
lated substances; phenols, aromatie acids, and porphyrins; miscellaneous 
organic substances; antibiotics and vitamins; and inorganie separations. 
There is a bibliography containing nearly 400 references of which a great 
majority are of the period 1948 through 1951, but not all are referred to in 
the text. An author index and a subject index are included. 


Annual Review of Biochemistry, Volume XXI.—ldited by J. Murray 
Luck. Annual Reviews, Inc., Stanford, California. 781 pages, 1952. $6.00. 

This volume consists of 23 articles of which the following will be of 
special interest to plant scientists: Proteolytie Enzymes by A. K. Balls and 
IX. F. Jansen; Nonoxidative, Nonproteolytic Enzymes by K. I. Altman and 
A. L. Dounce; Chemistry of the Carbohydrates by R. Montgomery and F. 
Smith; Chemistry of Lipids by H. J. Deuel, Jr. and R. Alfin-Slater; The 
Chemistry and Metabolism of the Steroids by L. T. Samuels and H. Reich; 
The Chemistry of Amino Acids and Proteins by H. B. Bull; Nueleie Acids, 
Purines, and Pyrimidines by D. ©. Jordan; Fat Metabolism by A. C. 
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Frazer; Interrelationships of Lipid and Carbohydrate Metabolism by K. 
Bloch; Metabolism of Amino Acids and Proteins by H. Tarver; Fat-Soluble 
Vitamins by A. R. Kemmerer; The Biochemistry of Antibiotics by T. 3. 
Work; Carotenoids by G. Mackinney; The Alkaloids by L. J. Sargent and 
L. F. Small; Chromatography by 8. Moore and W. H. Stein; Carbohydrate 
Metabolism by 8. Ochoa and J. R. Stern; Biological Oxidations by B. Change 
and L. Smith. Author and subject indices are included in the volume. 


Advances in Agronomy, Volume IV.—A. G. Norman, Editor. Academie 
Press, Ine., 125 East 23rd Street, New York 10, New York. 416 pages, 1952. 
$8.50. 


The articles in the fourth volume of this series present various types of 


reviews: Grassland Agronomy in Australia by H. C. Trumble; Type of Soil 
Colloid and the Mineral Nutrition of Plants by A. Mehlich and N. T. Cole- 
man; The Physiological Basis of Variation in Yield by D. J. Watson; 
Copper in Nutrition by F. A. Gilbert; Ecological and Physiological Factors 
in Compounding Forage Seed Mixtures by R. E. Blaser, W. H. Skrdla, and 
T. H. Taylor; Soil Manganese in Relation to Plant Growth by E. G. Mulder 
and F. C. Gerretsen; Atomie Energy and the Plant Sciences by N. E. Tol- 
bert and P. B. Pearson; Vegetation Control on Industrial Lands by K. C. 
Barrons; Soil and the Growth of Forests by T. 8. Coile. Author and subject 
indices are included. 





PREPARATION OF MANUSCRIPTS FOR PUBLICATION 
IN PLANT PHYSIOLOGY 


The following suggestions are made to authors writing papers for this journal 
in order to minimize revisions and editorial corrections. Though many points 
may appear arbitrary or trivial, attention to details is necessary to secure uni- 
formity of format and style. The membership dues and subseription fees go al- 
most entirely to publication costs, as all of our editors give their services without 
financial recompense. Hence the cooperation of authors in preparation of manu- 
scripts minimizes expense and permits greater liberality as to length and number 
of papers published. Authors will find the following concise publications useful 
in preparation of manuseript copy: A. J. Riker, The Preparation of Manuscripts 
for Phytopathology. PHYTOPATHOLOGY XXXVI, pages 953-977, 1946; and 
S. F. Trelease, The Scientific Paper: How to Prepare It. Second Edition. Wil- 
liams and Wilkins Company, Baltimore, Maryland, 1951. 

1. Length. The allowable length of papers is 20 printed pages, with tables, 
figures, formulae, and equations not to exceed 25% of the total. Authors will be 
billed at cost for overrun and cxcess of figures and tables. 

2. Format. In the preparation of typeseripts, authors are requested to ex- 
amine a printed copy of the journal of PLANT PHYSIOLOGY to note the posi- 
tion of headings, general organization, punctuation, abbreviations, and the meth- 
ods of citing literature particularly, in order to bring the script into conformity 
with the general style of the journal. Leave a three inch margin at the top of the 
first page, liberal side margins, and double spacing of lines to permit proofmark- 
ing and required editorial changes. 

3. Headings. Leave all headings unsecored and scientific names without 
underlining, as the editors will proofmark these items in accordance with the 
practice of the journal. Generic names used alone are usually capitalized but 
not italicized. In general, do not underscore any lines. 

4. Footnotes. Avoid footnotes as far as possible by placing such items under 
acknowledgments or at end of summary. When footnotes are used, they should 
be numbered with Arabic numerals. 

5. Figures. Copy for figures (photographs and drawings) should not  ex- 
ceed 8511 inches. Retain original drawings as a safeguard against loss. If 
the figures submitted are larger than 85 « 11, they will be photographed at this 
office andthe author will be billed for the same. Author’s name and figure num- 
ber must be written on the back of copy for each figure. Do not put legends into 
or on the figure, either front or back. Type all legends double spaced, properly 
numbered to correspond to the figures, on a separate sheet of your manuscript. 
Graphs and drawings should be inked with fairly heavy lines and with lettering 
of approximately uniform size to insure clarity of printed figures after reduction. 
Photographic prints should be submitted on gloss-finish paper. Limit copy to de- 
sired visual details, trim off irrelevant foreground and minimize blank space, as 
charges for cuts are based on area. Unless otherwise directed, the editor will 
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